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ABSTRACT 


The  effects  of  the  microbial  protease  inhibitors,  leupeptin  and 
pepstatin,  on  various  aspects  of  protein  metabolism  in  primary 
cultures  of  both  normal  and  dystrophic  chick  embryo  skeletal  (leg) 
muscle,  were  investigated.  Exposure  of  post-fusion,  35g_methionine 
labelled  cultures  to  either  leupeptin  or  pepstatin  for  periods  of 
up  to  72  hours  resulted  in  an  inhibition  of  intracellular  protein 
degradation  as  indicated  by  a  reduction  in  the  rate  of  loss  of 
isotope  for  the  total  cell  protein  fraction.  A  return  towards  con¬ 
trol  levels  of  intracellular  protein  degradation  during  the  latter 
stages  of  the  experimental  period  indicated  a  decrease  in  the 
effectiveness  of  the  inhibitors  with  time.  This  decrease  was  more 
apparent  in  cultures  of  dystrophic  muscle.  In  addition,  prolonged 
exposure  (48  hours)  of  dystrophic  cultures  to  a  combination  of 
leupeptin  and  pepstatin  resulted  in  cytotoxicity  and  degeneration 
of  the  cells. 

In  order  to  examine  more  specifically  the  effects  of  the 
inhibitors  on  muscle  contractile  proteins  a  procedure  for  the 
isolation  of  myofibrils  from  the  cultures  was  devised.  Briefly,  a 
suitable  preparation  of  single  sarcomeres  and  short  myofibrillar 
fragments  could  be  obtained  by  relaxation  and  induction  of  a  rigor¬ 
like  state  prior  to  detachment  and  homogenization.  Analysis  of  such 
preparations  by  SDS-PAGE  indicated  the  presence  of  most  major  myo¬ 
fibrillar  proteins,  although  the  amounts  of  each  increased  dispro¬ 
portionately  during  early  development. 

Estimates  of  half-lives  of  four  myofihrillar  components  from 
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normal  cultures  indicated  non-uniform  turnover  of  the  myofibril. 
Similar  results  were  obtained  from  cultures  of  muscle  from 
dystrophic  embryos.  Treatment  with  either  leupeptin  or  pepstatin 
resulted  in  an  inhibition  of  the  turnover  of  these  components  in 
both  normal  and  dystrophic  cultures.  Again  it  was  noted  that  the 
effectiveness  of  the  inhibitors  decreased  with  time  during  the 
experimental  period  and  that  this  effect  was  more  obvious  in 
dystrophic  cultures. 

On  the  basis  of  these  studies  it  is  suggested  that  the 
microbial  protease  inhibitors,  perhaps  through  action  on  proteases 
of  the  lysosomal  system  or  in  the  case  of  leupeptin  through  inhibi¬ 
tion  of  the  Ca++-  activated  neutral  protease,  act  initially  to 
block  intracellular  protein  degradation.  The  cells  subsequently 
respond,  by  mechanisms  presently  unknown,  to  overcome  this  inhibi¬ 
tion  and  restore  control  levels  of  intracellular  protein  degrada¬ 
tion,  more  so  in  dystrophic  than  in  normal  muscle.  It  is  not 
known  whether  the  difference  in  the  capacity  to  restore  control 
levels  of  intracellular  protein  degradation  between  normal  and 
dystrophic  cultures  is  attributable  to  the  dystrophic  gene. 
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I.  REVIEW  OF  LITERATURE 

A.  General  Introduction 

As  with  other  tissues  in  the  body,  observations  have  led  to 
the  concept  that  protein  turnover  in  muscle  occurs  as  an  integral 
part  of  normal  metabolism,  and  that  muscle  cells  possess,  as  a 
characteristic  property,  a  mechanism  not  only  for  synthesis  but  also 
degradation  of  constituent  proteins.  The  nature  of  the  degradation 
mechanism  is  at  present  unknown,  but  it  is  believed  to  be  the  result 
of  a  process  requiring  the  concerted  action  of  intracellular  proteases. 
Although  studies  have  revealed  the  presence  of  a  number  of  proteases 
in  muscle,  as  well  as  in  other  tissues,  it  is  not  as  yet  been  possible 
to  link  conclusively  the  activity  of  any  one  of  these  enzymes  to  the 
turnover  process.  The  possibility  that  degradation  may  involve  non- 
enzymatic  reactions  cannot  be  ruled  out. 

Much  of  the  earlier  work  on  protein  turnover  was  concerned  with 
the  role  of  degradation  in  regulation  of  soluble  cytoplasmic  enzyme 
concentrations,  particularly  hepatic  enzymes.  This  bias  reflected 
not  only  an  interest  in  possible  modes  of  metabolic  control  through 
regulation  of  enzyme  degradation  rates  but  also,  proteolysis  of 
soluble  cytoplasmic  enzymes  probably  represents  one  of  the  simplest 
protein  systems  undergoing  catabolism  in  a  cell.  Additional  problems 
arise  in  the  study  and  interpretation  of  the  turnover  of  structural 
proteins.  In  such  cases  it  is  also  necessary  to  take  into  account 
how  degradtion  occurs  during  turnover,  without  disruption  of  the 
integrity  and  functionality  of  the  structure  from  which  the  protein 
is  derived.  This  problem  is  especially  relevant  to  skeletal  muscle, 
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where  much  of  the  intracellular  protein  is  incorporated  into  the 
highly  organized  contractile  apparatus,  the  myofibril. 

Under  steady  state  conditions  the  rates  of  synthesis  and  degrada¬ 
tion  are  equal  and  no  net  change  occurs  in  the  level  of  protein  within 
the  cell.  On  the  other  hand  in  muscular  dystrophy  the  tissue  exhibits 
a  net  negative  nitrogen  balance  which  results  in  a  progressive  loss 
of  protein  and  wasting  of  the  muscle.  In  this  case,  and  in  a  number 
of  other  experimentally  induced  muscular  atrophies,  the  net  loss  of 
protein  has  been  correlated  with  increased  catabolic  rates  and 
elevated  levels  of  specific  proteases,  but  it  is  not  known  whether 
this  represents  the  result  of  a  relative  increase  in  the  activity  of 
the  normal  catabolic  processes  occurring  during  turnover  or  whether 
mechanisms  distinct  to  the  pathological  process  are  responsible.  An 
understanding  of  the  underlying  mechanisms  involved  in  these  conditions 
is  essential  to  a  resolution  of  this  problem. 

B .  Muscle  Proteins 

The  soluble  or  sarcoplasmic  fraction  of  skeletal  muscle  constitutes 
about  20%-25%  of  the  tissue  protein  (Young,  1970) .  However,  the  bulk 
of  intracellular  muscle  protein  (^60%-65%)  is  accounted  for  by  the  myo¬ 
fibrillar  fraction  (Young,  1970;  Goll  et  al.,  1970).  The  nature  of 
these  proteins  and  the  manner  in  which  they  are  incorporated  within 
the  structure  of  the  myofibril  is  known  in  some  detail  (Young,  1970; 
Goll  et  al.,  1970).  Each  myofibril  consists  of  a  linear  sequence  of 
identical  functional  contractile  units  known  as  sarcomeres  (Figure  1) . 
The  saromere  in  turn  is  a  construction  of  thick  and  thin  filaments 
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Figure  1. 


Diagrammatic  representation  of  an 
isolated  myofibril  and  structure 
of  a  single  sacromere  (Young,  1970) . 
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TABLE  1 


THE  MYOFIBRTLLAR  PROTEINS 


PROTEIN 

MOLECULAR  WEIGHT 

LOCATION 

Myosin  (Heavy  chain) 

200,000 

Thick  Filament 

Myosin  (Light  chain  1) 

*27,000/25,000 

Thick  Filament 

Myosin  (Light  chain  2) 

20,000/18,000 

Thick  Filament 

Myosin  (Light  chain  3) 

16,000 

Thick  Filament 

C-protein 

140,000 

Thick  Filament 

Ac  tin 

45,000 

Thin  Filament 

Tropomyosin  (dimer) 

70,000 

Thin  Filament 

Troponin-T 

37,000 

Thin  Filament 

Troponin-I 

24,000 

Thin  Filament 

Troponin-C 

20,000 

Thin  Filament 

a-Actinin 

100,000 

Z-Line 

Desmin 

65,000 

Z-Line 

M  Protein  (Ml) 

190,000 

M-Line 

M  Protein  (M2) 

180,000 

M-Line 

Creatine  Phosphokinase 

40,000 

M-Line 

Titin 

1,000,000 

uncertain 

Data  from  Etlinger  et  al .  ,  1976 


*  Light  chains  of  slow/fast  muscle 


transected  by  the  M  and  Z  lines  respectively.  The  areas  of  overlap 
between  the  filaments  give  rise  to  a  dark  anisotropic  area  referred 
to  as  the  A-band  whilst  the  region  of  thin  filaments  which  is  not 
overlapping  is  isotropic  and  is  known  as  the  I-band.  The  boundaries 
of  the  H-zone  are  variable  and  depend  on  the  extent  of  penetration  of 
the  thin  filaments  into  the  A-band.  During  contraction  and  relaxation 
the  sets  of  filaments  slide  past  each  other  either  causing  shortening 
or  lengthening  of  the  sarcomere.  The  major  proteins  which  are  thought 
to  be  components  of  the  myofibril  are  listed  in  Table  1. 

Myosin  is  found  in  a  polymerized  form  as  the  major  constituent 
of  the  thick  filaments.  The  properties  of  myosin  have  been  shown  to 
be  variable  and  depend  on  a  number  of  factors  including  the  type  of 
muscle  from  which  it  is  derived  and  the  stage  of  ontogenic  development 
(Syrovy,  1979) .  In  general  it  has  a  molecular  weight  of  about  500,000 
daltons,  is  composed  of  a  number  of  polypeptide  subunits  and  possesses 
an  ATPase  activity  and  specific  actin  binding  site  (Syrovy,  1979). 

The  molecule  is  assymetric  consisting  of  an  a-helical  coiled  tail  and 
a  globular  head  in  which  are  located  the  ATPase  and  actin  binding 
sites . 

Myosin  derived  from  vertebrate  fast  muscle  i.e.  muscle  with  a 
rapid  contraction/relaxation  cycle  (Locker  and  Hagyard,  1967;  Sarkar 
et  al . ,  1971)  has  a  high  specific  ATPase  activity  and  exhibits  four 
distinct  subunits  on  sodium  dodecyl  sulphate  polyacrylamide  gel 
electrophoresis  (SDS-PAGE) .  The  subunits  correspond  to  a  myosin 
heavy  chain  (MHC^)  and  three  light  chains  (LC^)  with  approximate 
molecular  weights  of  200,000  daltons  (MHC^)  ,  25,000  daltons  (LC-^^)  , 
18,000  daltons  (LC^),  and  16,000  daltons  (LC^f ) .  The  subunits  MHCf, 


LC-j^,  LCif,  LC2f,  and  LC3f  are  present  in  a  ratio  of  2  :  1  :  2  :  1. 

On  the  other  hand  myosin  from  slow  muscle  i.e.  muscle  with  a  slow 

contraction/relaxation  cycle,  has  a  relatively  low  specific  ATPase 
activity  and  exhibits  only  three  subunits  on  SDS-PAGE,  all  of  which 

are  distinct  from  those  in  fast  muscle.  In  this  case  the  subunits 

correspond  to  a  heavy  chain  and  two  light  chains  with  approximate 
molecular  weights  of  200,000  daltons  (MHCS) ,  27,000  daltons  (LCqs) 
and  20,000  (LC2S) •  The  stoichiometric  ratio  of  MHCS  :  LCqs  :  LC2S 
is  2  :  2  :  2 . 

In  cross-reinnervating  experiments  in  which  fast  muscles  were 
reinnervated  with  motor  neurones  from  slow  muscles  and  vice  versa, 
the  enzymatic  activities  and  subunit  compositions  of  myosin  changed 
to  those  of  the  muscle  from  which  the  nerve  had  originally  been  de¬ 
rived  (Sreter  et  al.,  1974;  Weeds  et  al.,  1974).  In  addition  long 
term  stimulation  of  fast  twitch  muscle  at  frequencies  similar  to 
those  for  slow  muscle  resulted  in  the  synthesis  of  slow  myosin 
(Sreter  et  al.,  1975a).  These  experiments  clearly  indicated  that  the 
type  of  myosin  synthesized  by  a  muscle  fiber  was  subject  to  neural 
regulation,  but  they  did  not  distinguish  between  effects  mediated 
through  the  pattern  of  impulses  relayed  by  the  nerve  or  to  other 
factors  such  as  diffusion  of  specific  trophic  substances.  In  an 
attempt  to  distinguish  between  these  two  possibilities  John  and  Jones 
(1974)  co-cultured  rat  embryonic  skeletal  muscle  with  spinal  cord  cell 
and  examined  the  light  chain  composition  of  myosin.  No  difference 
could  be  detected  between  treatments  and  controls  grown  in  the  absence 
of  the  neural  cells,  suggesting  that  diffusion  of  trophic  substances 


was  important  under  these  conditions. 

Initial  investigations  (Trayer  and  Perry,  1956)  of  myosin  during 
ontogenic  development  concluded  on  the  basis  of  ATPase  activities  and 
light  chain  composition,  that  embryonic  myosin  was  more  similar  to 
adult  slow  than  fast  myosin.  These  findings  were  disputed  (Dow  and 
Straeher,  1971a,  1971b)  on  the  grounds  that  the  embryonic  myosin  prep¬ 
arations  were  not  pure  and  that  muscles  with  mixed  instead  of  homo¬ 
geneous  fiber  types  (with  respect  to  speed  of  contraction)  were  used. 
When  the  developmental  changes  were  followed  in  a  homogeneous  muscle 
it  was  found  that  the  embryonic  slow  muscle  synthesized  myosins  similar 
to  both  adult  fast  and  slow  types  ( Pell oni-Muel ier  et  al.,  1976a, 

1976b;  Syrovy  and  Guttman,  1977).  However  Dabrowska  et  al .,  (1977) 
have  shown  that  the  light  chain  analysis  in  these  cases  have  been 
obscured  by  histone  contamination  of  the  embryonic  myosins  and  that 
1X3^  was  in  fact  absent  in  their  earliest  preparations.  By  contrast 
embryonic  fast  muscle  synthesized  only  one  type  of  myosin  which  was 
similar,  but  not  identical  to  adult  fast  myosin.  Its  light  chain 
composition  differed  only  in  that  LC^f  was  present  in  lower  concen¬ 
trations  (Sreter  et  al . ,  1975b;  Takahashi  and  Tonomura,  1975;  Dabrowska 
et  al.,  1977).  Comparative  studies  of  MHC  in  embryonic  and  adult 
muscles  have  also  demonstrated  differences  and  it  is  possible  that 
the  embryonic  form(s)  of  myosin  are  distinct  from  either  adult  fast 
or  slow  myosin  (Gauthier  and  Lowey,  1977;  Rushbrook  and  Straeher, 

1979)  . 

In  all  of  these  studies  the  tissue  used  was  at  a  relatively  late 
stage  of  development.  Attempts  to  study  earlier  stages  are  limited 
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by  technical  difficulties  and  the  fact  that  muscle  development  in  vivo 
is  a  relatively  asynchronous  process,  with  a  range  of  differentiating 
states  existing  in  a  muscle  at  any  given  time.  This  latter  difficulty 
can  be  overcome  to  some  extent  by  the  use  of  muscle  tissue  culture. 
Using  this  system  Rubinstein  and  Holtzer  (1979)  reported  that  cultures 
prepared  from  either  precursor  fast  or  slow  muscle  synthesized  only 
one  type  myosin,  which  was  identical  with  adult  fast  myosin  in  terms 
of  immunological  properties  and  light  chain  composition.  On  the  basis 
of  these  results  it  was  suggested  that  all  pre-innervated  muscles 
synthesize  only  fast  myosin  independent  of  their  final  developmental 
destiny. 

Attempts  to  explain  the  changes  occurring  during  development  have 
led  to  the  proposal  that  myosin  exists  in  several  isozymic  forms  which 
are  coded  for  by  different  sets  of  genes  (Holt  and  Lowey,  1977) .  Thus 
repression  or  stimulation  of  the  specific  sets  of  genes  in  response  to 
various  stimuli  during  development  e.g.  motor  neuron  maturation,  would 
result  in  synthesis  of  different  isozymes  at  particular  developmental 
stages  within  a  given  cell.  Recently,  the  successful  fractionation  of 
the  postulated  isozymes  has  provided  evidence  in  support  of  this  con¬ 
cept  (Yagi  et  al . ,  1977).  An  interesting  extention  of  the  isozyme 
hypothesis  has  been  proposed  by  Stracher,  et  al.  (1979a).,  These 
workers  and  others  have  shown  that  myosin  from  dystrophic  muscle  is 
similar  to  embryonic  "fast"  muscle  in  terms  of  its  ATPase  activity 
and  relatively  low  levels  of  LC„t,  and  it  was  suggested  that  the 

j  L 

switch  from  the  embryonic  to  adult  forms  occurring  during  normal 
development,  was  either  incomplete  or  did  not  occur  in  dystrophic 
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muscle.  This  failure  could  be  due  to  either  a  breakdown  in  the  normal 
genetic  programme  of  the  muscle  or  to  other  factors  such  as  abnormal 
development  of  innervation.  Clearly  further  studies  will  be  required 
to  identify  the  cellular  mechanisms  by  which  the  synthesis  of  myosin 
is  regulated  and  to  answer  questions  about  the  relationships  of  path¬ 
ological  states  to  these  processes. 

In  addition  to  myosin,  it  is  now  fairly  certain  that  the  thick 
filaments  contain  at  least  one  other  protein.  Offer  (1973)  first 
purified  C-protein  (140,000  daltons)  from  preparations  of  thick  fila¬ 
ments  and  since  then  several  groups  have  confirmed  this  result.  It  is 
believed  that  C-protein  assists  in  maintaining  the  ordered  parallel 
alignment  of  the  thick  filaments  but  at  present  little  else  is  known 
about  it . 

The  thin  filament  of  myofibrils  is  a  co-polymer  of  actin  and  the 
regulatory  proteins  tropomyosin  and  troponin  (Ebashi  et  al.,  1969). 
Actin  is  a  globular  protein  consisting  of  a  single  polypeptide  with 
a  sequence  (Elzinga  et  al.,  1973)  molecular  weight  of  about  43,000 
daltons,  and  unlike  myosin,  actin  from  a  wide  range  of  sources  shows 
very  little  variation  in  its  properties  (Pollard  and  Weibing,  1974)  . 
During  contraction  actin  interacts  with  myosin  to  cause  a  sliding  of 
the  thin  filaments  into  the  interstices  between  the  thick  filaments 
(Huxley  and  Hanson,  1954)  .  Under  specified  conditions  monomeric 
actin  (g-actin)  will  polymerize  in  the  presence  of  ATP  to  form  fila¬ 
mentous  actin  (f-actin).  The  g  to  f  transformation  results  in  the 
hydrolysis  of  the  ATP  and  the  incorporation  of  one  ADP  molecule 
between  consecutive  actin  molecules  in  the  polymer  (Squire,  1975)  . 


The  major  portion  of  the  thin  filaments  is  formed  from  two  f-actin 
polymers  coiled  around  each  other.  This  results  in  the  formation 
of  a  groove  within  which  is  found  tropomyosin  (TM)  (Ebashi  et  al  .  , 
1969).  Tropomyosin  has  a  molecular  weight  of  about  70,000  daltons, 
and  contains  two  subunits  of  approximately  equal  molecular  weights, 
which  form  a  coil  like  structure  similar  to  the  tail  portion  of 
myosin  (Lehrer,  1975).  Tt  exists  in  several  polymorphic  forms  depend¬ 
ing  on  the  particular  combination  of  the  two  known  forms  of  the 
subunits,  designated  a  and  6-  The  a  and  8  subunits  differ  slightly 
in  sequence  and  can  be  separated  on  SDS-PAGE  after  carboxymet hylation 
(Lehrer,  1975).  As  with  myosin  there  is  a  correlation  between  the 
muscle  type  or  developmental  stage  and  the  predominant  polymorphic 
forms  synthesized  (Roy  et  al . ,  1979).  However  conflicting  results  on 
this  matter  have  appeared  in  the  literature.  Thus,  according  to 
Roy  et  al .  (1979),  all  embryonic  muscles  appear  to  synthesize  mainly 
the  8-subunit  or  82  form  of  TM,  which  is  partly  replaced  by  a-subunits 
during  development,  such  that  adult  slow  muscle  contains  approximate¬ 
ly  equal  amounts  of  a  and  8  subunits  and  adult  fast  muscle  is  almost 
exclusively  a.  Allen  et  al .,  (1978)  on  the  other  hand  investigated  TM 
synthesis  in  primary  cultures  of  chick  embryo  skeletal  muscle,  and 
found  a  rapid  rise  in  the  synthesis  of  TM  coincident  with  cell  fusion. 
Both  a  and  8  subunits  could  be  detected  in  these  cultures,  as  was 
found  for  rabbit  and  chick  skeletal  muscle  during  development 
(Amphlett  et  al .  ,  1976;  Roy  et  al.,  1976).  The  reason  for  the.  differ¬ 
ence  between  these  results  and  the  previously  mentioned  studies  is 
unknown  and  further  investigation  will  be  required  to  clarify  this 


matter . 


The  third  component  of  the  thin  filaments  is  troponin  (TN),  which 
is  located  at  regular  intervals  along  the  filaments,  bound  to  TM.  It 
is  composed  of  three  distinct  subunits  with  molecular  weights  of 
37,000  daltons  ( troponin-T) ,  24,000  (troponin-I)  and  20,000  daltons 
( troponin-C) .  Troponin-T  (TN-T)  binds  the  complete  molecule  to  the 
thin  filament  through  TM,  troponin-I  (TN-I)  is  the  inhibitory  subunit 
which  blocks  the  interaction  of  actin  and  myosin  required  for  muscle 
contraction,  and  troponin-C  (TN-C)  is  the  Ca'+'+  binding  subunit  which 
overcomes  the  effect  of  TN-I  when  Ca++  is  released  from  the  sarco¬ 
plasmic  reticulum  during  contraction  (Ebashi,  1974)  .  There  is  now 
good  evidence  that  all  three  troponin  subunits  exist  in  polymorphic 
forms  which  appear  to  be  characteristic  of  the  muscle  type  from  which 
they  are  derived  (Cummins  and  Perry,  1978) .  Unlike  the  cases  with 
myosin  and  tropomyosin  where  more  than  one  polymorphic  form  has  been 
shown  to  be  located  within  a  single  cell,  only  one  form  of  troponin 
could  be  located  by  use  of  monospecific  antibodies  against  TN-I  in 
any  given  muscle  fiber  and  it  was  suggested  that  this  antibody  stain¬ 
ing  technique  could  be  used  as  an  unambiguous  method  of  muscle  fiber 
typing  (Dhoot  et  al.,  1978).  In  a  reference  to  unpublished  observa¬ 
tions  Uhoot  et  al (1978),  stated  that  embryonic  muscle  differed  from 
adult  in  that  two  forms  of  TN-I  could  be  located  in  a  single  fiber, 
suggesting  that  one  form  is  deleted  during  development. 

A  number  of  researchers  have  investigated  the  regulatory  proteins 
in  dystrophic  muscle  and  in  general  it  is  concluded  that  there  were 
no  significant  differences  (Samaha,  1972;  John,  1976).  However,  a 
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recent  study  by  Irish  et  al.,  (1977)  reported  that  antibody  against 
TN-C  did  not  react  with  their  filament  preparations  from  dystrophic 
muscle  but  it  did  react  with  those  from  normal  muscle.  Since  the 
presence  of  a  TN-C  protein  in  the  dystrophic  preparations  was  con¬ 
firmed  by  electrophoresis  analysis,  it  was  concluded  that  the  failure 
to  react  with  antibody  must  have  been  due  to  a  structural  alteration 
in  the  TN-C,  possibly  attributable  to  the  dystrophic  gene. 

Estimates  have  shown  that  the  Z-line  accounts  for  about  6%  of  the 
dry  matter  of  the  myofibril  (Huxley  and  Hanson,  1957),  and  there  is 
a  considerable  body  of  evidence  implicating  a-actinin  (102,000 
daltons),  and  probably  desmin  (50,000  daltons),  as  integral  components 
of  this  structure  (Masaki  et  al . ,  1967;  Lazarides  and  Hubbard,  1976; 
Lane  et  al.,  1977).  The  remainder  of  the  Z-line  material,  accounting 
for  about  80%  of  the  structure,  has  not  as  yet  been  conclusively 
identified,  but  the  extreme  sensitivity  of  the  Z-line  to  proteases 
strongly  suggests  that  it  is  composed  largely  of  protein  (Harsanyi 
and  Garamovlgyi,  1969)  .  Using  a  combination  of  differential  ex¬ 
traction  procedures  and  uitrastructural  analysis  of  purified 
myofibrils  Etlinger  and  Fischman  (1973)  and  Etlinger  et  al .  (1976) 
found  that  Z-line  dense  material  could  be  rapidly  extracted  with 
0.15%  deoxycholate ,  leaving  behind  a  filamentous  skeleton.  The 
extract  contained  two  components  (Z1  and  Z2)  with  molecular  weights 
close  to  90,000  daltons  and  which  they  considered  to  be  a-actinins. 
This  rather  low  molecular  weight  appeared  to  be  a  characteristic  of 
their  system  of  electrophoresis  analysis.  The  time  scale  of  extrac¬ 
tion  of  Z1  and  Z2  differed  from  that  of  the  dense  material,  with 


the  two  Z  proteins  being  extracted  more  slowly.  It  therefore  appear¬ 
ed  that  the  rapid  loss  of  dense  material  was  due  to  extraction  of 
other  unidentified  Z-line  components.  Earlier  investigations 
(Walcott  and  Ridgeway,  1967;  Rash,  et  al.,  1968)  of  Z-line  composition 
had  indicated  that  non-protein  substances  may  form  part  of  the  Z-line 
and  Etlinger  and  Fischman  (1973)  suggested  that  a  part  of  the  rapidly 
extracted  dense  material  may  have  been  of  this  nature.  Analysis  of 
the  fibrillar  residues  remaining  after  A  band  and  Z-line  dense  material 
extraction  revealed  the  presence  of  only  thin  filament  proteins.  It 
therefore  seemed  possible  that  thin  filament  proteins  e.g.  actin, 
tropomyosin,  formed  an  integral  part  of  the  Z-line,  but  attempts  to 
confirm  this  using  specific  antibodies  against  actin  and  tropomyosin 
were  unsuccessful.  In  studies  with  insect  flight  muscle  it  was 
found  that  isolated  Z-lines  contained  considerable  quantities  of  both 
actin  and  tropomyosin,  but  it  was  not  clear  whether  this  was  simply 
due  to  contamination  by  thin  filaments  (Saide  and  Ullrick,  1974; 

Bullard  and  Sainsbury,  1977).  More  recently,  Gard  and  Lazarides 
(1979)  used  a  fluorescent  labelling  technique  as  a  probe  to  investi¬ 
gate  the  components  of  the  Z-line.  Under  appropriate  reducing 
conditions  the  Z-lines  of  purified  myofibrils  could  be  specifically 
labelled  with  the  fluorescent  probe  dansylcadaverine ,  in  the  presence 
of  guinea  pig  transglutaminase.  Analysis  of  labelled  myofibrils  by 
SDS-PAGE  revealed  fluorescence  in  14  different  bands  including  a- 
actinin,  desmin,  actin,  tropmyosin  and  an  unidentified  145,000  dalton 
component.  Extraction  of  labelled  myofibrils  with  0,6  M  KI  to 
solubilize  the  thin  filaments,  did  not  result  in  solubilization  of 
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Z-lines  or  the  labelled  tropomyosin  or  actin,  suggesting  that  the 
labelled  proteins  were  distinct  from  their  thin  filament  counterparts 
and  possibly  located  in  or  near  the  Z-line.  In  addition  several  ultra- 
structural  investigations  of  the  Z-line  have  proposed  models  in  which 
there  is  a  continuation  of  the  thin  filament  with  a  lattice  structure 
within  the  Z-line  (Gard  and  Lazarides,  1979). 

The  other  major  transverse  band  of  the  myofibril,  the  M-band,  has 
received  somewhat  less  attention.  Knappeis  and  Carlsen  (1968)  have 
proposed  a  model  in  which  each  thick  filament,  at  the  level  of  the 
M-line,  is  connected  by  a  bridge  structure  to  six  surrounding  thick 
filaments,  and  that  consecutive  levels  of  bridging  are  connected  by  a 
series  of  M-  filaments  running  parallel  to  the  thick  filaments.  The 
presence  of  amorphous  material  within  the  M-band  was  also  noted  and 
it  was  suggested  that  at  least  three  components  corresponding  to  each 
morphological  feature  of  the  M-line,  could  therefore  be  solubilized. 
Accordingly  Etlinger  and  Fischman  (1973)  and  Etlinger  et  al (1976) 
found  that  M-line  extraction  from  purified  myofibrils  resulted  in  the 
solubilization  of  five  components,  in  addition  to  myosin,  and  desig¬ 
nated  them  Ml  to  M5 .  Components  M4  and  M5  (^140,000  daltons),  were 
considered  to  be  C-protein,  whilst  M3  (^150,000  daltons)  appeared  to 
be  a  proteolytic  fragment,  probably  derived  from  the  myosin  heavy 
chain.  Porzio  and  Pearson  (1977)  have  also  observed  a  similar  band 
on  gels  of  whole  myofibrils.  Since  components  Ml  (190,000  daltons) 
and  M2  (170,000  daltons)  were  not  found  in  purified  thick  filament 
fragments  it  was  suggested  that  they  were  most  probably  derived  from 
the  M-line  itself.  Masaki  and  Takaiti  (1972)  reported  the  presence 
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of  a  single  component  in  this  molecular  weight  range  in  their  M-line 
extracts  and  showed  that  antibodies  against  it  reacted  with  the  In¬ 
line  of  purified  myofibrils.  In  addition  to  these  proteins,  there 
have  been  reports  by  several  groups,  on  the  presence  of  a  40,000 
dalton  component  associated  with  the  M-line  (Eaton  and  Pepe,  1972; 
Etlinger  and  Fischman,  1973;  Eppenberger  et  al . ,  1975).  Investigations 
revealed  that  this  protein  was  identical  to  creatine  kinase  and  it 
seemed  that  in  addition  to  its  enzymatic  activities,  creatine  kinase 
may  also  serve  as  a  structural  component  of  the  M-line  (Turner  et  al., 
1973;  Walliman  et  al.,  1977).  On  the  other  hand  the  possibility  that 
it  was  simply  a  cytoplasmic  contaminant  which  became  tightly  bound 
during  isolation,  as  is  the  case  for  phosphorylase  (Arakawa  et  al., 
1970),  cannot  be  ruled  out. 

Thus  although  some  progress  had  been  made  in  the  analysis  of  the 
M-line,  as  with  the  Z-line  the  definitive  structure  and  composition 
remains  to  be  elucidated. 

A  consistent  feature  of  SDS-PAGE  analysis  of  purified  myofibrils 
is  the  presence  of  some  very  high  molecular  weight  material,  account¬ 
ing  for  approximately  10%  of  the  total  myofibrillar  protein  (Etlinger 
et  al . ,  1976),  and  which  barely  penetrates  the  top  of  the  gel.  Until 
recently  this  material  tended  to  be  regarded  by  most  workers  as 
cross-linked  aggregates  which  were  not  properly  dissociated  by  SDS 
treatment.  However,  Wang  et  al . ,  (1979)  have  investigated  this 
fraction  and  have  concluded  that  these  proteins  are  in  fact  distinct 
myofibrillar  components.  Myofibrils  from  various  vertebrate  and 
invertebrate  species  were  found  by  SDS-PAGE  to  contain  three  high 
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molecular  weight  components,  consisting  of  a  doublet  at  about 
1  x  10^  daltons  which  they  named  titin  and  a  smaller  unnamed  component 
at  500,000  daltons.  They  were  shown  to  be  chemically  and  immunologi- 
cally  distinct  fron  actin,  myosin  and  a  contractile  protein,  filamin, 
from  smooth  muscle.  Immunofluorescent  staining  of  chicken  breast 
myofibrils  indicated  that  titin  is  localized  in  the  Z-line,  M-line, 
the  A-I  junction,  and  throughout  the  A-band.  Similar  staining 
patterns  were  obtained  for  myofibrils  from  other  sources.  Wang  et  al.» 
(1979)  speculated  on  the  basis  of  these  results  that  these  proteins 
were  structural  components  of  the  myofibril  although  their  precise 
function  is  at  present  unknown. 

C .  Intracellular  Protein  Degradation 
1 .  General  Aspects 

The  realization  that  the  rate  of  protein  degradation  may  be  quanti¬ 
tatively  as  important  as  the  rate  of  synthesis  in  determining  the 
tissue  levels  of  proteins,  has  recently  led  to  increased  interest  in 
the  catabolic  aspects  of  protein  turnover.  A  number  of  general 
properties  of  the  process  have  gradually  come  to  be  recognized  and 
although  much  of  this  work  was  done  on  liver,  it  appears  that  the  re¬ 
sults  are  applicable  to  most  tissue,  including  muscle  (Goldberg  and 
St.  John,  1976;  Waterlow  et  al .,  1978). 

A  striking  feature  of  protein  degradation  is  that  within  a  given 
tissue,  there  is  a  marked  heterogeneity  in  the  turnover  rates  of 
individual  proteins  (Schimke,  1975;  Goldberg  and  St.  John,  1976). 

This  observation  suggested  that  it  is  the  intrinsic  properties  of  the 
proteins  which  determine  the  rates  at  which  they  are  degraded.  How- 
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ever,  Waterlow  et  al.,  (1978)  have  pointed  out  that  similar  and  even 
identical  proteins  in  different  tissues  exhibit  different  half-lives 
and  that  the  relative  "proteolytic  environment"  of  the  tissue  from 
which  the  proteins  are  derived,  is  also  important.  In  their  terminol¬ 
ogy,  the  coarse  control  of  degradation  is  effected  through  the 
proteolytic  activity  of  the  tissue,  while  the  fine  control  is  a 
function  of  the  properties  of  the  individual  proteins  and  their  sus¬ 
ceptibility  to  the  degrading  system(s).  Thus,  in  liver  the  coarse 
control  setting  is  high  and  average  half-lives  short,  while  muscle  has 
generally  low  levels  of  proteolytic  activity  and  longer  half-lives  for 
individual  proteins  (Waterlow  et  al.,  1978). 

Under  conditions  where  the  degradative  capacity  of  a  tissue  remains 
constant,  changes  in  the  protein  complement  could  be  brought  about  by 
alterations  in  the  properties  of  specific  proteins  which  in  turn  could 
result  in  their  susceptibility  to  degradation.  In  this  context, 
several  properties  of  proteins  have  been  identified  which  may  act  as 
determinants  of  their  degradation. 

Reports  from  a  number  of  laboratories  have  shown  that  large 
proteins  tend  to  be  degraded  more  rapidly  ini  vivo  than  small  proteins 
(Dehlinger  and  Schimke,  1970,  1971;  Goldberg  and  Dice,  1974).  In 
addition,  in  multi-subunits  proteins  such  as  myosin  (Zak  et  al., 

1977)  and  fatty  acid  synthetase  (Tweto  et  al . ,  1972),  the  larger  sub¬ 
units  have  been  shown  to  turnover  more  rapidly.  This  finding  led  to 
the  proposal  that  multi-component  protein  structures,  which  are  in 
general  not  degraded  as  units,  undergo  a  continual  association/ 
dissociation  process  and  that  degradation  occurs  in  the  dissociated 
state  (Schimke,  1975)  (see  section  on  myofibril  turnover) .  The  fact 


. 

s 


that  larger  proteins  are  degraded  more  rapidly  may  simply  be  a  re¬ 


flection  of  the  fact  that  such  molecules  would  be  expected  to  have  an 
increased  probability  of  random  encounter  with  a  protease.  This  pro¬ 
posal  has  been  supported  by  the  observation  that  large  proteins,  and 
in  general  those  proteins  with  shorter  half-lives  iri  vivo ,  are 
preferentially  attacked  in  vitro  by  proteases  such  as  trypsin  and 
pronase  (Schimke  and  Bradley,  1976)  .  However,  it  appears  that  the 
conformational  state  of  the  protein  is  more  important  since  the 
correlation  does  not  hold  when  the  proteins  are  denatured  by  urea  and 
thiol  reagents  prior  to  digestion  (Dice  et  al . ,  1973).  Other  factors 
which  influence  the  conformational  state  of  a  protein  have  also  been 
found  to  influence  the  in  vivo  turnover  rates.  Abnormal  bacterial 
proteins  resulting  from  structural  mutations  in  lac  repressor  (Platt 
et  al . ,  1970)  and  a-galactosidase  (Goldschmidt,  1970)  were  shown  to 
be  rapidly  and  selectively  degraded  in  vivo,  and  proteins  which  in¬ 
corporate  amino  acid  analogues  during  synthesis  are  degraded  more 
rapidly  in  animal  cells  (Schimke  and  Bradley,  1976;  Knowles  and 
Ballard,  1976).  Thus,  rabbit  reticulocytes  incubated  in  the  presence 
of  2-amino-3-chlorobutyric  acid,  an  analogue  of  valine,  synthesize  an 
abnormal  hemoglobin  with  a  half-life  of  15  minutes  (Etlinger  and 
Goldberg,  1977;  Goldberg  et  al . ,  1978).  In  contrast  normal  hemoglobin 
is  barely  degraded  within  these  cells.  As  mentioned  previously,  there 
is  some  evidence  to  suggest  that  proteins  in  genetically  dystrophic 
muscle  differ  from  those  in  normal  muscle  and  it  is  possible  that 
these  abnormal  proteins  are  relatively  unstable  due  to  conforma¬ 


tional  differences  resulting  from  defective  synthesis. 
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Similarly,  there  are  numerous  examples,  of  the  interaction  of 
proteins  with  ligands  and  other  small  molecules,  affecting  their 
in  vivo  and  in  vitro  stability.  Schimke  et  al.,  (1965)  showed  that 
the  interaction  of  tryptophan  oxgenase  with  its  substrate  stabilized 
it  against  degradation  in  vivo  and  Litwack  and  Rosenfeld  (1973)  demon¬ 
strated  a  correlation  between  the  ini  vivo  turnover  of  several  pyridoxal 

dependent  enzymes  and  their  affinity  for  pyridoxal  phosphate. 

Similarly,  Katanuma  and  his  colleagues  (1975),  found  that  the  degrada¬ 
tion  of  ornithine  transaminase  by  group  specific  proteases  only 
occurred  in  the  apo  form  of  this  enzyme.  Based  on  these  observations 
it  was  suggested  that  transformation  from  the  holo  to  apo  form  may  be 
a  prerequisite  to,  and  possibly  the  rate  limiting  step  in,  their 
degradation.  More  generally,  proteins  in  vivo  may  exist  in  a  number 
of  distinct  states,  some  of  which  are  more  susceptible  to  degradation 
than  others,  and  the  conversion  from  stable  to  susceptible  forms  could 
be  necessary  and  rate  limiting  for  proteolysis  (Segal,  1975). 
Furthermore,  the  changing  concentrations  of  substrates,  co-factors 
and  other  ligands  within  a  cell,  in  response  to  changing  environmen¬ 
tal  conditions,  would  alter  the  equilbria  of  these  interconversions, 
and  this  may  regulate  the  turnover  of  specific  proteins.  Since  these 
interconversions  are  viewed  as  being  reversible,  then  they  would  be 
distinct  from  changes  associated  with  molecular  "aging"  which  would 
presumably  mean  irreversible  changes  in  the  protein.  In  addition, 
Schimke  (1975)  and  Waterlow  et  al.,  (1978)  have  pointed  out  that  the 
essentially  first  order  turnover  kinetics  observed  for  most  proteins 
are  inconsistent  with  the  idea  of  accumulation  of  damage  or  aging  of 
proteins  to  explain  why  a  given  molecule  is  degraded. 
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An  interesting  and  presently  unexplained  feature  of  intracellular 
protein  degradation  is  its  requirement  for  energy.  The  original 
studies  of  Simpson  (1953)  and  Steinberg  and  Vaughan  (1956)  showed  that 
inhibitors  of  energy  metabolism  such  as  cyanide  and  2 , 4-dinitrophenol , 
also  caused  inhibition  of  protein  breakdown  in  rat  liver  and  kidney 
slices,  and  these  results  were  subsequently  confirmed  by  others 
(Hershko  and  Tompkins,  1971;  Poole  and  Wibo,  1973).  Similarly,  protein 
breakdown  in  bacteria  also  appears  to  be  an  energy  dependent  process 
(Goldberg  et  al . ,  1973).  Reports  by  Umana  (1970)  and  Umana  and  Feldman 
(1971)  of  a  direct  effect  of  ATP  on  protein  degradation  as  estimated 
by  the  release  of  ninhydrin  positive  material,  in  neutral  rat  tissue 
homogenates,  were  later  shown  by  Goldspink  and  Goldberg  (1973)  to  be 
erroneous.  The  observed  increase  in  ninhydrin  positive  material  was 
in  fact  due  to  ammonia  production  brought  about  by  deaminase  activity 
and  not  protein  degradation.  In  addition,  the  ATP  induced  stimulation 
of  proteolysis  by  isolated  rat  liver  lysosomes  observed  by  Natori 
(1975)  may  have  been  due  to  lysosomal  disruption  by  ATP  at  pH  4.5  and 
release  of  proteases  as  reported  by  Huisman  et  al.,  (1974a).  On  the 
other  hand,  Mego  (1973)  has  presented  evidence  that  ATP  may  be  in¬ 
volved  in  the  maintenance  of  an  acid  milieu  in  lysosomes  and  recently 
an  ATPase  associated  with  the  lysosomal  membrane  and  possibly  involved 
in  this  process  has  been  reported  (Schneider,  1977)  .  However,  as 
already  pointed  out  protein  degradation  in  bacteria  which  do  not 
contain  lysosomes  is  also  an  energy  dependent  process  suggesting  that 
the  energy  requirement  is  not  related  to  lysosomal  function. 

In  a  study  of  the  degradation  of  steroid  induced  tyrosine  amino 


» 


transferase  in  hepatoma  cell  cultures  Hershko  and  Tomkins  (1971) 
demonstrate  clearly  an  inhibition  of  breakdown  concomitant  with 
inhibition  of  energy  metabolism  by  NaF,  DNP  and  NaN^.  More  recently, 
Etlinger  and  Goldberg  (1977)  have  reported  a  cell  free  soluble,  ATP- 
dependent  proteolytic  system  responsible  for  the  degradation  of  ab¬ 
normal  hemoglobin  in  reticulocytes;  the  system  did  not  degrade  normal 
hemoglobin,  was  stimulated  by  physiological  concentrations  of  ATP  and 
appeared  to  be  derived  from  the  reticulocytes  and  not  contaminating 
white  cells  also  present  in  the  preparation.  Furthermore,  it  was 
active  at  pH  7.8  and  did  not  exhibit  latency  indicating  that  it  was 
not  lysosomal  in  origin.  Hershko  and  co-workers  (1978,  1979)  have 
studied  the  role  of  ATP  in  this  system  and  found  that  it  is  required 
at  or  near  the  initial  cleavage  of  the  proteins.  They  have  reported 
the  resolution  of  the  system  into  three  components  all  of  which  are 
required  for  proteolysis  (Hershko  et  al . ,  1979).  In  addition  to  a 
heat  stable  polypeptide  of  molecular  weight  9,000  daltons,  a  high 
molecular  weight  component  (^450,000  daltons)  which  is  unstable  at 
42°C  and  is  stabilized  by  ATP,  and  a  third  protein  stable  at  42°C 
have  been  separated.  Although  the  interaction  of  these  components  and 
the  role  of  ATP  in  this  system  are  presently  unknown,  the  establish¬ 
ment  of  a  cell  free  proteolytic  system  with  an  energy  requirement 
represents  a  significant  advance  in  this  field. 

A  requirement  for  continuing  protein  synthesis  for  the  degradation 
of  some  proteins  has  also  been  reported,  but  this  is  not  a  consistent 
observation.  In  an  early  study,  Steinberg  and  Vaughan  (1956)  showed 
that  analogues  of  phenylalanine,  which  were  thought  to  inhibit  protein 
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synthesis  also  resulted  in  an  inhibition  of  proteolysis  as  measured 
by  release  of  phenylalanine,  in  rat  liver  slices.  Attempts  to  re¬ 
produce  these  results  were  unsuccessful  (Brostrom  and  Jeffay,  1970) 
and  Poole  and  Wibo  (1973)  were  unable  to  show  an  effect  on  protein 
degradation  in  cultured  fibroblasts  treated  with  inhibitors  of 
protein  synthesis. 

However,  studies  of  hepatic  enzymes,  in  particular  tyrosine  amino¬ 
transferase  (TAT)  by  Schimke  (1967)  have  shown  that  the  rapid  decay 
of  TAT  back  to  normal  levels  after  glucocorticoid  induction  jin  vitro , 
are  blocked  by  inhibitors  of  protein  synthesis,  apparently  as  a  result 
of  inhibition  of  degradation.  Kenny  (1967)  also  found  that  in  untreat¬ 
ed  rats  degradation  of  the  rapidly  turning  over  TAT  could  be  completely 
inhibited  by  puromycin  and  he  suggested  that  degradation  of  TAT  re¬ 
quired  the  presence  of  a  specific  protein  with  a  short  half-life. 

Using  hepatoma  cells  in  culture  Hershko  amd  Tomkins  (1971)  found  that 
only  the  enhanced  proteolysis  of  TAT  induced  in  these  cells  by 
nutritionally  deficient  medium  was  inhibited  by  puromycin  and 
cycloheximide ,  and  that  normal  proteolysis  was  not  affected.  It  was 
suggested  that  a  labile  protein  is  required  for  the  enhanced  rates  of 
protein  degradation.  Studies  by  Goldberg  (1971a)  in  bacterial  systems 
led  to  the  suggestion  that  inhibition  of  protein  synthesis  caused  an 
accumulation  of  charged  t-RNA  which  in  turn  inhibited  protein  degrada¬ 
tion  . 

Gunn  (1978)  investigated  the  effects  of  protein  synthesis  on 
protein  degradation,  using  two  temperature  sensitive  mutants  of 
Chinese  hamster  ovary  and  lung  cells  whose  rates  of  synthesis  were 
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extensively  inhibited  at  non-permissive  temperatures  (40°C) .  Under 
these  conditions  there  were  little  or  no  effects  on  proteolysis.  How¬ 
ever,  as  with  Hershko  and  Tomkins  (1971),  enhanced  proteolysis  in 
nutritionally  inadequate  conditions  were  reduced  by  cycloheximide . 

It  was  concluded  that  the  regulation  of  proteolytic  activity  did  not 
require  synthesis  of  some  regulatory  proteins,  but  did  not  rule  out 
the  possibility  that  the  enhanced  proteolysis  was  subject  to  influence 
by  charged  t— RNA  species,  since  the  defect  in  synthesis  in  both  mutants 
could  have  resulted  in  accumulation  of  these  molecules  at  non-permissive 
temperatures . 

2 .  Muscle  Aspects 

Investigators  of  protein  degradation  in  muscle  have  addressed  them¬ 
selves  to  three  basic  questions.  First  of  all,  what  are  the  molecular 
characteristics  and  mechanisms  which  underly  protein  degradation  in 
muscle,  secondly  what  are  the  factors  which  control  the  rate  of  muscle 
protein  degradation  and  thirdly  what  role  does  degradation  play  in  both 
normal  and  pathological  states  of  muscle  growth  and  atrophy? 

a.  The  mechanisms  of  protein  degradation  in  muscle. 

i.  The  Substrate.  In  view  of  the  predominance  of  the  contractile 
proteins  in  muscle  it  is  not  surprising  that  most  of  the  studies  in 
this  area  have  been  directed  at  the  mechanism  of  degradation  of  the 
myofibril,  although  the  turnover  of  other  non-myof ibrillar  proteins 
has  also  received  some  attention  (Booth  and  Holloszy,  1977;  Swick 
and  Song,  1974;  Terjung,  1979). 

The  study  of  turnover  in  a  highly  organized  structure  like  the 
myofibril,  poses  additional  problems  not  encountered  in  simpler 
systems  such  as  soluble  cytoplasmic  enzymes.  For  example,  are  the 
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individual  components  of  the  myofibril  turned  over  independently 
or  do  they  turn  over  as  a  unit?  If  the  complete  organelle  turns  over 
as  a  unit,  then  the  half-lives  of  the  individual  components  would  be 
expected  to  be  the  same.  Similarly,  if  specific  parts  of  the  myo¬ 
fibril  were  degraded  as  units  e.g.,  thin  filaments,  then  the  compo¬ 
nents  of  these  particular  structures  within  the  myofibril  should  have 
identical  half-lives.  Alternatively,  if  turnover  of  the  components 
occurs  independently  then  the  half-lives  should  be  different  for  each 
protein.  (It  is  conceivable  that  the  individual  components  could 
turnover  independently  and  still  exhibit  similar  balf-lives,  although 
the  likelihood  of  such  a  coincidence  is  remote) .  As  mentioned  in  the 
preceeding  section,  studies  of  some  multi-subunit  enzymes  revealed  a 
heterogeneity  of  turnover  rates  among  the  individual  subunits,  which 
led  Schimke  (1975)  to  suggest  that  such  systems  exist  in  a  state  of 
continuous  association/dissociation,  and  that  degradation  occurs  in 
the  dissociated  state.  A  given  subunit  could  then  be  incorporated 
into  the  associated  state  several  times  before  it  was  finally  selected 
for  degradation.  Furthermore,  the  properties  of  the  individual 
dissociated  components  would,  according  to  the  general  scheme  of 
Waterlow  et  al.,  (1978),  provide  the  fine  control  for  the  rate  of  deg¬ 
radation  of  each  component.  However,  conversion  to  the  dissociated 
state  introduces  additional  steps  which  are  potential  sites  for  the 
rate  controlling  reactions  in  the  degradation  mechanism. 

Two  approaches  have  been  used  to  estimate  the  relative  rates  of 
turnover  of  individual  myofibrillar  proteins  in  a  number  of  in_  vivo 


and  in  vitro  systems.  The  most  common  method  has  been  to  determine 
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the  extent  of  incorporation  of  a  particular  labelled  precursor  (usually 
an  amino  acid)  into  the  proteins  at  a  suitable  time  after  adminis¬ 
tration.  The  extent  of  incorporation  should  be  a  reflection  of  the 
relative  rates  of  synthesis  which  in  the  steady  state  would  be  equal 
to  the  relative  rates  of  degradation.  However,  as  pointed  out  by 
Waterlow  et  al.,  (1978)  this  only  holds  true  as  long  as  the  specific 
activity  of  the  precursor  is  greater  than  that  of  the  proteins.  Once 
the  specific  activity  of  the  fastest  turning  over  protein  peaks,  then 
the  differences  in  extent  of  labelling  will  decline,  and  the  capacity 
for  discrimination  will  diminish. 

In  an  early  study,  Velick  (1956)  used  this  approach  to  compare  the 
turnover  rates  of  myosin,  actin  and  tropomyosin,  and  found  them  to  be 
1  :  1.5  :  2,4  respectively.  He  also  studied  the  turnover  of  the 
proteolytic  fragments  of  myosin,  heavy  and  light  meromyosin,  and  from 
this  was  able  to  deduce  that  the  myosin  heavy  chain  was  turning  over 
about  four  times  more  rapidly  than  the  light  chains.  These  results 
were  in  agreement  with  Schapira  et  al .,  (1956)  who  carried  out  a 
similar  study.  In  a  number  of  more  recent  investigations,  the  same 
pattern  of  heterogeneity  among  myofibrillar  components  was  observed. 

Low  and  Goldberg  (1973),  found  from  their  incorporation  studies  in 
incubated  rat  diaphragms  that  tropomyosin  was  synthesized  about 
twice  as  fast  as  both  actin  and  myosin,  with  actin  being  slightly 
slower  than  myosin.  In  this  case,  the  light  chains  of  myosin  appear¬ 
ed  to  be  turning  over  more  rapidly  than  the  heavy  chain.  Subsequent¬ 
ly,  Koizumi  (1974),  reported  the  in  vivo  turnover  rates  of  seven 


myofibrillar  proteins  from  rabbit  muscles.  Several  different  pre- 
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cursors  were  used  in  this  study  which  showed  the  relative  turnover 
rates  of  M-protein,  troponin,  tropomyosin,  a-actinin,  myosin,  10-S- 
actinin,  and  actin,  to  be  7  :  6.5  :  3.3  :  3  :  2.5  :  1.7  :  1  respec¬ 
tively,  with  their  corresponding  half-lives  in  days  being  11,  12,  22, 
24,  29,  44  and  75.  Although  the  turnover  of  myosin  subunits  was  not 
thoroughly  examined  in  this  study  it  was  noted  that  in  a  single  trial 
using  C^-glycine  as  a  precursor,  the  turnover  rates  for  all  subunits 
were  similar.  The  incorporation  method  has  also  been  used  to  investi¬ 
gate  turnover  of  myofibrils  in  rat  cardiac  muscle  (Zak  et  al.,  1977). 
In  this  case  the  order  of  labelling  was  myosin  heavy  chain  =  a-actinin 
=  tropomyosin  >  actin  >  light  chain  1  =  light  chain  2.  This  varia¬ 
tion  was  ascribed  not  only  to  differences  in  rates  of  synthesis  and 
turnover  but  also  to  the  existence  of  a  macromolecular  precursor  pool 
from  which  light  chains  were  available  for  incorporation  into  complete 
myosin  molecules.  Thus,  newly  synthesized  labelled  light  chains  would 
be  diluted  within  this  pool  prior  to  assembly  into  myosin  and  the 
myofibril,  resulting  in  an  apparently  lower  extent  of  incorporation 
during  the  early  period  after  labelling. 

The  second  method  which  has  been  used  to  study  myofibrillar 
turnover  is  the  double  labelling  technique  of  Arias,  et  al.,  (1969). 

In  this  procedure  the  proteins  are  initially  labelled  with  a  l^C-amino 
acid  and  then  some  time  later,  just  prior  to  sampling,  a  second 
tritiated  amino  acid  is  administered.  The  ratio  of  the  specific 
activities  of  3H/14C  are  then  determined  for  each  protein.  Those 
with  a  high  turnover  rate  would  be  expected  to  exhibit  relatively  high 
3H/14C  ratios  since  incorporation  of  tritiated  amino  acid  and  loss 
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of  l^C-amino  acid  would  be  greatest  in  these  proteins.  A  problem 
with  measurements  of  this  kind  is  the  reutilization  of  labelled 
precursor  released  on  degradation,  resulting  in  higher  specific 
activities  over  extended  periods  of  time.  Recently,  Zak  et  al  .  , 
(1977)  have  critically  evaluated  this  method  for  studies  of  myo¬ 
fibrillar  turnover  and  compared  it  to  the  incorporation  method. 
Several  factors  were  shown  to  be  important  including  the  length  of 
the  labelling  periods  and  the  time  between  them.  In  addition,  the 
sensitivity  of  the  method  was  greatest  for  proteins  with  half-lives 
between  1.5  and  3.0  days,  although  by  manipulation  of  the  injection 
schedule  it  could  be  made  effective  for  proteins  with  longer  half- 
lives.  When  applied  to  cardiac  myofibrils  it  was  originally  found 
that  the  myofibrillar  proteins  exhibited  identical  ^H/l^C  ratios 
(Zak  et  al . ,  1977).  However,  after  re-evaluation  of  the  method  and 
comparison  with  incorporation  measurements  they  found  the  turnover 
rates  of  several  muscle  proteins  to  be  related  as  follows,  myosin 
heavy  chain  =  a-actinin  =  tropomyosin  >  actin  >  light  chain  1  =  light 
chain  2,  These  results  were  similar  to  those  reported  earlier  by 
Wikman-Cof felt  et  al.,(1973)  for  myosin  and  its  subunits.  In  a  re¬ 
lated  study  Martin  et  al .,  (1977)  estimated  the  half-life  of  cardiac 
myosin  heavy  chain  from  incorporation  and  decay  measurements  with 
labelled  leucine.  The  values  obtained  from  incorporation  or  decay 
measurements  were  similar  being  about  5.5  days.  However,  when  the 
specific  activity  of  the  precursor  pool  was  taken  into  account  the 
half-life  decreased  to  2.7  days  indicating  that  persistence  of  radio¬ 
activity  in  the  precursor  pool  (perhaps  due  to  reutilization  of 
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label),  was  a  problem  in  these  measurements,  Funabiki  and  Cassens 
(1973)  have  used  an  unusual  modification  of  the  double  label  method 
in  which  they  administered  both  isotopes  and  subseqxient  ly  discontinued 
one.  Using  this  approach  they  found  asynchronous  turnover  of  the 
thin  filament  proteins  with  troponin  >  tropomyosin  >  actin. 

Recently,  turnover  of  myofibrillar  proteins  in  primary  cultures 
of  muscle  has  been  studied.  Rubinstein  et  al (1976)  used  the  double 
label  technique  and  concluded  that  actin  and  myosin  heavy  chain  turned 
over  at  equal  rates  with  half-lives  of  about  5-6  days.  The  method  of 
isolation  and  analysis  of  the  proteins  studied  was  such  that  contrac¬ 
tile  proteins,  not  necessarily  part  of  the  myofibrillar  apparatus  of 
the  cultured  cells,  would  have  contaminated  the  preparation  and 
possibly  distorted  the  results.  Devlin  and  Emerson  (1978),  studied 
the  activation  of  contractile  protein  synthesis  during  differentiation 
of  quail  muscle  in  culture,  and  found  that  several  myofibrillar 
proteins  including  myosin  heavy  chain,  myosin  light  chains,  two 
troponin  subunits  and  tropomyosin  exhibited  virtually  identical  molar 
rates  of  synthesis,  while  actin  was  found  to  be  synthesized  about 
three  times  more  rapidly,  in  the  steady  state  period,  following  cell 
fusion.  Since  those  proteins  which  were  synthesized  at  equal  rates 
are  not  present  in  the  myofibril  in  equimolar  concentrations,  it  was 
suggested  that  there  is  either  differential  turnover  or  free  pools 
of  unassembled  proteins  that  are  present  in  the  cells.  Presumably 
differential  turnover  would  be  effected  through  different  rates  of 
degradation,  but  since  the  equal  rates  of  synthesis  were  also 
observed  during  the  steady  state  when  rates  of  degradation  would  match 
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those  of  synthesis,  then  this  cannot  account  for  the  differences  in 


the  pool  size  of  the  individual  proteins  within  the  myofibril.  Thus, 
it  seems  likely  that  macromo.lec.ular  pools  of  unassembled  precursors, 
as  already  suggested  by  Zak  et  al.,  (1976)  for  myosin  light  chain, 
exist  within  muscle.  If  this  is  so,  then  the  functional  contractile 
apparatus  represents  only  a  fraction  of  the  complete  myofibrillar 

i 

metabolic  pool.  Consequently,  analysis  of  only  those  proteins  within 
the  actual  myofibril  may  not  be  representative  of  the  behavior  of  the 
total  pool  and  erroneous  results  may  be  obtained.  Interestingly,  the 
procedures  used  by  Devlin  and  Emmerson  (1978)  for  analysis  of  the 
cultures  were  designed  to  extract  the  total  cell  protein  and  would 
therefore  have  included  both  assembled  and  unassembled  precursor 
material . 

On  the  whole  measurements  of  the  relative  turnover  rates  of 
myofibrillar  proteins  have  demonstrated  heterogeneity  among  the 
individual  components,  suggesting  that  they  are  synthesized  and  de¬ 
graded  independently.  In  addition,  there  is  some  indirect  evidence 
for  the  existence  of  a  pool  of  unassembled  macromolecular  precursors 
(Zak  et  al . ,  1976).  The  observation  by  Etlinger  et  al.?  (1975)  of  two 
distinct  populations  of  myofilaments,  one  of  which  is  loosely 
associated  with  the  myofibril  and  is  apparently  newly  synthesized, 
may  be  related  to  this  phenomenon.  A  factor  which  may  be  of  impor¬ 
tance  in  myofibrillar  turnover  but  has  as  yet  received  very  little 
attention,  is  the  specific  type  of  muscle  involved.  From  what  little 
evidence  that  is  available  (Waterlow  et  al . ,  1976),  it  appears  that 
there  is  an  inverse  relationship  between  the  rate  of  degradation  and 
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the  speed  of  contraction.  However,  the  influence  of  such  factors 
on  the  individual  myofibrillar  proteins,  and  their  possible  signifi¬ 
cance  in  turnover  mechanisms  are  at  present  unknown. 

A  third  method  which  has  been  used  to  investigate  myofibrillar 
turnover,  has  been  to  pulse  label  the  proteins  and  follow  the  loss 
of  label  occurring  during  turnover.  This  approach  generates  decay 
curves  from  which  it  is  possible  to  calculate  turnover  rates  and  to 
obtain  information  about  the  type  of  kinetics  involved  in  turnover, 
i.e.  the  manner  in  which  label  is  lost,  from  the  proteins  as  a 
function  of  time.  Two  types  of  decay  can  be  constructed,  by  follow¬ 
ing  either  the  loss  of  activity  due  to  degradation,  or  the  loss  of 
specific  activity  due  to  synthesis.  Both  of  these  methods  are  sub¬ 
ject  to  error  due  to  reutilization  of  label  resulting  in  lower  decay 
rates  and  apparently  longer  half-lives. 

In  terms  of  kinetics  two  broad  possibilities  can  be  envisaged. 

If  the  myofibril  has  a  definite  life-span  then  the  total  amount  of 
label  in  the  pool  should  remain  constant  for  a  period  equal  to  the 
life-span  following  which  it  would  be  rapidly  lost.  Such  a  mechanism 
implies  that  the  myofibril  undergoes  a  process  of  aging,  which 
could  result  from  specific  chemical  or  conformational  modifications 
to  the  proteins  increasing  their  susceptibility  to  degradation. 

Aging  could  also  be  viewed  in  terms  of  the  specific  location  of 
components  within  the  myofibrillar  structure  or  the  position  of  the 
whole  myofibril  within  the  cell.  That  is  to  say  there  may  be  an 
irreversible  translocation  of  myofibrillar  proteins  through  the 
contractile  apparatus  to  specific  sites  of  degradation  within  the 


< 


33 


cell.  On  the  other  hand,  it  is  possible  that  the  individual  compo¬ 
nents  of  the  myofibril  turn  over  randomly  and  do  not  exhibit  aging, 
as  has  been  found  for  a  number  of  enzymes  in  other  tissues  (Schimke, 
1975) .  Such  a  model  would  be  compatible  with  the  association/ 
dissociation  mechanism  described  earlier. 

To  date  the  only  study  indicating  life-time  kinetics  for  myo¬ 
fibrils  was  chat  reported  by  Dreyfus,  et  al (1960).  After  a  single 
injection  of  either  labelled  glycine  or  valine  into  rats  the  activity 
in  myosin  remained  constant  for  30  days  after  which  it  declined  to  a 
new  level.  Although  it  was  shown  that  reutilization  of  label  was 
occurring  in  this  experiment  it  is  not  clear  whether  this  was  suffi¬ 
cient  to  account  for  the  sustained  presence  of  label  over  the  30  day 
period.  In  a  similar  study,  Kimata  and  Morkin  (1971.),  found  little 
or  no  loss  of  label  from  muscle  myosin  in  adult  rats  over  a  period  of 
45  days.  After  correction  for  recycling  of  label  they  calculated  a 
half-life  of  around  165  days.  With  such  low  turnover  rates  it  would 
be  difficult  to  observe  significant  loss  of  isotope  from  myosin  pool, 
giving  the  impression  of  life-time  kinetics. 

Most  other  studies  in  this  area  (Wikman-Cof fel t ,  1973;  Swick  and 
Song,  1974)  have  found  exponential  decay  of  label  indicating  random 
turnover.  In  addition,  the  half-lives  of  myosin  fell  in  the  range 
of  5-165  days,  which  are  considerably  shorter  than  the  estimates 
obtained  from  incorporation  measurements  (Zak  et  al . ,  1976,  1977; 
Martin  et  al . ,  1977).  Interestingly  when  the  decay  method  was  used 
to  study  myosin  turnover  in  primary  cultures  of  chick  skeletal  muscle, 
half-lives  ranging  between  36  hours  and  7  days  were  observed  depend- 


ing  on  culture  conditions  (Walker  and  Strohman,  1978). 


In  addition. 


exponential  decay  kinetics  were  also  observed.  A  possible  explana¬ 
tion  for  the  shorter  half-lives  in  cultures  could  be  that  recycling 
of  label  was  reduced  by  swamping  the  system  with  cold  leucine,  the 
precursor  used  in  the  study. 

In  summary  then,  most  studies  of  myofibrillar  turnover  kinetics 
have  indicated  that  turnover  is  random  and  that  most  likely  aging  does 
not  play  a  role  in  turnover  of  the  myofibril.  These  observations 
taken  together  with  the  variability  of  turnover  rates  would  tend  to 
exclude  the  possibility  of  turnover  as  a  unit.  Instead  the  picture 
which  seems  to  be  emerging  is  that  the  myofibril  and  the  specific 
structures  within  it  are  continuously  assembled  and  disassembled  from 
precursor  pools  of  the  individual  contractile  proteins  and  that  ran¬ 
dom  selection  for  degradation  probably  occurs  from  the  disassembled 
protein  pools.  Dayton  et  al .,  (1975)  and  his  colleagues  have  proposed 
that  the  disassembly  process  may  be  controlled  through  the  activity 
of  a  Ca++  activated  protease,  which  acts  in  a  "nicking"  fashion  to 
loosen  the  Intact  myofibril,  and  make  available  released  components 
for  mixing  with  the  macromolecular  pools  and  possibly  proteolysis. 
However  since  there  is  no  evidence  at  present  to  suggest  that  peptide 
or  other  covalent  bonds  between  the  individual  contractile  proteins, 
are  involved  in  maintaining  the  integrity  of  the  myofibril  then  the 
action  of  a  protease  may  not  be  necessary  for  disassembly.  In  this 
context  the  observations  of  Hikida  (1979),  that  Z-line  stability  is 
critically  dependent  on  Mg"1-1’  concentrations  rather  than  03++,  which 
was  thought  to  destabilize  the  Z-line  through  activation  of  the 
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protease,  are  of  interest.  Similarly  the  studies  of  Etlinger  and 
Fischroan  (1973)  on  isolated,  protease  free  myofibrils  have  shown  that 
the  structure  can  be  effectively  disassembled  using  procedures  which 
disrupt  non-covalent  intermolecular  forces. 

Based  on  this  model  of  the  total  myofibrillar  metabolic  pool  con¬ 
sisting  of  the  intact  organelle,  the  disassembled  macromolecular 
components  and  the  free  amino  acids,  two  general  possibilities  for 
rate  controlling  sites  can  be  proposed.  This  could,  occur  at  the  level 
of  either  assembly/disassembl y  or  through  degradation  of  the  free 
macromolecular  constituents.  Certainly  in  the  latter  case  proteases, 
whose  activity  could  be  important  in  rate  control,  are  involved.  On 
the  other  hand  the  mechanisms  and  enzymology  of  the  proposed  macro¬ 
molecular  disassembly  remain  to  be  elucidated.  In  any  event  it  seems 
important  that  future  investigations  of  myofibril  turnover  should 
take  these  concepts  into  account . 

ii.  The  Enzymology  (Proteases  in  Muscle).  The  intracellular 
degradation  of  muscle  proteins  occurring  during  normal  turnover  is 
believed  to  be  brought  about  by  the  action  of  intracellular  proteases. 
Although  a  number  of  such  enzymes  have  been  identified  in  muscle 
tissue  their  possible  involvement  in  protein  turnover  remains  to  be 
elucidated.  Compared  to  other  tissues  such  as  the  liver  the  level  of 
proteolytic  activities  in  muscle  is  relatively  low.  For  the  purposes 
of  discussion  only,  these  activities  can  be  divided  into  three  groups, 
the  acidic,  neutral  and  alkaline,  according  to  their  in  vitro  pH 
optima.  Recent  reviews  in  this  area  have  been  published  by  Bird 
(1975,  1980)  and  Pennington  (1977).  Examples  of  acid,  neutral  and 
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alkaline  proteases  found  in  various  tissues  are  given  in  Table  2- 
The  better  characterized  proteases  are  now  usually  classified  accord¬ 
ing  to  important  features  of  the  active  site  (Table  2  and  see  Barrett, 
1977) . 

a  .  The  acidic  proteolytic  activities.  The  acidic  proteolytic 
activities  of  muscle,  which  are  optimal  below  about  pH  5.5,  are  most 
probably  lysosomal  in  origin  and  would  be  expected  to  include  pro¬ 
teases  of  the  cathepsin  series,  the  two  best  known  forms  being 
cathepsins  B  and  D  (Barrett,  1978,  1980),  but  cathepsins  H  and  L  may 
also  be  important  (Bird  et  al.  (1980).  Recent  studies  by  Bird  et  al., 
(1978)  have  demonstrated,  by  a  combination  of  cytochemical  and  electron 
microscope  techniques,  specific  sites  of  cathepin  B  and  D  activity  in 
muscle,  which  were  coincident  with  lysosome-1 ike  structures.  Two 
types  of  lyosomal  structures  were  identified,  one  which  appeared  con¬ 
tinuous  with  the  sarcoplasmic  reticulum  and  was  embedded  between 
myofibrils,  and  the  other  which  was  perinuclear  in  the  vicinity  of  the 
Golgi  apparatus-  This  close  association  of  the  lysosomal  system 
and  sarcoplasmic  reticulum  has  been  observed  by  others  (Topping  and 
Travis,  1974;  Hoffstein  et  al.,  1975)  and  appears  to  be  a  morpholog¬ 
ical  adaptation  specific  to  muscle.  In  addition,  the  proximity  of 
some  of  these  structures  to  the  Golgi  apparatus  suggests  this  as  a 
likely  site  of  lysosomal  synthesis,  as  has  been  implied  for  other 
tissues  (Cook,  1973;  Smith  and  Van  Frank,  1975).  Canonico  and  Bird 
(1970)  have  also  isolated,  by  rate  zonal  centrifugation  a  population 
of  lysosomes  which  they  argued  were  derived  from  muscle  fibers,  and 
were  shown  to  contain  a  fairly  typical  complement  of  lysosomal 
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Data  from  Barrett  (1974,  1977).  *  NB  Renin  pH  optimum  is  in  the  range  pH  5. 5-8.0 
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enzymes,  including  cathepsins  B  and  D.  These  results  are  in 
contrast  to  those  from  earlier  investigations,  which  failed  to 
obtain  evidence  for  a  lysosomal  system  in  muscle,  and  they  refute 
the  suggestion  that  the  low  levels  of  lysosomal  enzymatic 
activities  obtained  from  muscle  preparation,  were  in  fact  de¬ 
rived  from  non-muscle  cells  also  present  in  the  tissue  (Pelligrino 
and  Franzini,  1963) . 

Several  studies  have  addressed  themselves  to  the  question  of 
the  proteolytic  capacity  of  lysosomes  and  lysosomal  enzymes. 

Bohley  et  al.,  (1974)  incubated  intact  rat  liver  lysosomes  at 
pH  6.9  with  a  high  molecular  weight  liver  cytosol  protein  frac¬ 
tion  and  observed  degradation  equivalent  to  about  2%  protein/hour, 
a  rate  in  excess  of  the  normal  iju  vivo  rate.  The  cytosol  protein 
fraction  was  used  as  substrate  because  it  was  considered  more 
suitable  than  the  more  commonly  used  purified  protease  substrates 
such  as  serum  albumin  or  hemoglobin.  Dean  (1975a)  also  used  a 
similar  cytosol  fraction  as  substrate  for  purified  rat  liver 
cathepsins  B  and  D  and  a  soluble  mixture  of  lysosomal  enzymes. 

The  results  showed  that  the  relative  rates  of  jin  vitro  degradation 
of  cytosol  proteins  by  the  purified  enzymes  on  the  unfractionated 
mixture,  correlated  well  with  their  in  vivo  rates  of  turnover.  By 
contrast  Huisman  et  al.,  (1974b)  using  a  very  similar  protocol  con¬ 
cluded  from  their  studies  that  cathepsin  D  was  not  essential  for 
the  degradation  of  protein  by  liver  lysosomal  enzymes,  but  that 
cathepsin  B  and  possibly  other  thiol  proteases  were  important. 


In  addition  they  concluded  that  liver  lysosomes  contain  a  set  of 


proteases  sufficient  for  rapid  and  extensive  degradation  of 
albumin,  the  substrate  used  in  these  studies.  The  failure  to 
obtain  any  effect  with  cathepsin  D  was  probably  due  to  the  fact 
that  cathepsin  D  shows  very  little  activity  against  native 
albumin  at  pH  5.0,  the  pH  of  their  assay  medium.  Initial  attempts 
to  demonstrate  susceptibility  of  muscle  to  lysosomal  proteases 
were  unsuccessful  (Sharpe,  1963;  Park  and  Pennington,  1967; 

Friedman  et  al.,  1969).  However  Schwartz  and  Bird  (1977  and  Bird 
et  al.,  (1978)  found  that  purified  cathepsins  B  and  D  from  either 
liver  or  muscle,  were  capable  of  degrading  myofibrillar  proteins 
as  judged  by  SDS-PAGE.  Interestingly  the  degradation  of  actin 
and  myosin  by  cathepsin  D  was  found  to  be  more  extensive  than 
that  by  cathepsin  B.  They  concluded  from  calculations  based  on 
these  results  that  the  levels  of  activity  of  these  enzymes  in 
muscle  was  sufficient  to  account  for  a  significant  amount  of  intra¬ 
cellular  protein  degradation  in  muscle. 

A  variety  of  techniques  have  been  used  to  assess  lysosomal 
involvement  in  intracellular  protein  catabolism  in  living  muscle 
systems.  By  various  perturbations  the  rates  of  proteolysis  in 
the  tissue  have  been  varied  and  compared  with  changes  in  the 
lysosomal  activity  of  the  tissue.  Under  conditions  of  both 
physiological  and  pathological  stress  the  presence  of  a  lysosomal- 
like  system  becomes  more  readily  apparent  and  can  be  demonstrated 
both  biochemically  and  microscopically  (Bird,  1975)  .  Treatments 
such  as  starvation  (Bird,  1975),  denervation  (Pellegrino  and 
Franzini,  1963;  Guttman,  1973),  and  tenotomy  or  immobilization 


(Jirmanova  and  Zelena,  1970)  result  in  large  and  often  rapid 
alterations  in  the  protein  content  of  the  tissues  accompanied  by 
characteristic  increases  in  the  size  and  number  of  lysosomal-like 
bodies  and  autophagic  vesicles.  Similar  changes  were  found  in 
genetically  dystrophic  muscle,  although  in  these  cases  the  time 
course  of  the  changes  was  much  protracted  (Pearson  and  Kar,  1979). 
The  net  negative  nitrogen  balance  of  the  muscle  in  both  starvation 
and  denervation  appeared  to  have  been  partly  due  to  increases  in 
rates  of  protein  degradation  and  may  have  been  related  to  sub¬ 
sequently  observed  increases  in  the  levels  of  cathepsin  B  and  D 
(Bird,  1975).  In  dystrophic  muscle  the  levels  of  these  two  enzymes 
as  well  as  other  lysosomal  and  non-lysosomal  proteases  were  report¬ 
ed  to  be  elevated  (Pearson  and  Kar,  1979;  Kar  and  Pearson,  1977). 
Evidence  has  also  been  presented  for  the  involvement  of  lysosomes 
in  conditions  such  as  regression  of  thyroid  induced  cardiac  hyper¬ 
trophy  (Wildenthal  and  Mueller,  1974)  and  post-partum  involution 
of  uterine  smooth  muscle  (Lahav  et  al.,  1977).  In  both  of  these 
cases  the  tissue  exhibits  an  increased  rate  of  proteolysis  and  a 
net  negative  nitrogen  balance. 

There  is  therefore  considerable  evidence  to  suggest  that 
lysosomes  may  be  involved  in  accelerated  protein  breakdown,  in 
muscle  subjected  to  relatively  extreme  environmental  stress,  but 
the  mechanisms  involved  in  these  gross  changes  may  not  be  the 
same  as  those  associated  with  normal  steady  state  conditions. 

Dice  and  Walker  (1978)  have  shown  that  increased  protein 
degradation  in  skeletal  muscle  during  diabetes  and  starvation 
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may  not  be  simply  an  acceleration  of  normal  proteolytic  mechanisms 
and  Amenta  et  al.,  (1978),  working  with  cultured  fibroblasts  has 
distinguished  between  the  basal  proteolytic  mechanisms  involved 
in  normal  turnover  and  those  associated  with  gross  changes  induced 
by  nutritionally  deficient  (serum  depleted)  medium.  Results  of 
studies  in  other  systems  have  drawn  similar  conclusions  (Warburton 
and  Poole,  1977;  Ward  et  al . ,  1977).  Another  problem  with  these 
studies  is  that  they  provide  only  indirect  circumstantial  evidence 
for  the  involvement  of  lysosomal  enzymes  in  intracellular  protein 
degradation  independent  of  whether  it  is  the  basal  type  of  deg¬ 
radation  or  otherwise. 

A  more  direct  approach  to  these  problems  has  been  suggested  by 
the  studies  of  Dean  (1975b)  on  protein  degradation  in  perfused 
livers  and  cultured  macrophages.  Using  a  specific  low  molecular 
weight  protease  inhibitior  pepstatin  entrapped  in  liposomes.  Dean, 
was  able  to  block  protein  degradation  in  perfused  rat  livers  by  up 
to  about  50%.  Pepstatin  specifically  inhibits  carboxyl  proteinases, 
of  which  cathepsin  D  is  an  example,  and  since  cathepsin  D  is 
quantitatively  the  most  important  acid  protease  in  liver  it  was 
assumed  that  blockage  of  protein  degradation  was  due  to  in- 
hibition  of  this  enzyme.  The  fact  that  pepstatin  was  only  effec¬ 
tive  when  entrapped  within  liposomes,  which  are  thought  to  enter 
cells  either  by  fusion  or  pinocytosis  and  subsequently  fuse  with 
lysosomes,  lent  further  support  to  the  idea  of  a  lysosomal  site 
of  action  for  pepstatin.  Dean  reported  these  results  as  the 
first  direct  evidence  for  lysosomal  involvement  in  intracellular 


protein  catabolism.  However  there  is  now  good  evidence  (Mortimore 
et  al . ,  1978)  to  suggest  that  the  perfused  liver  system  used  in 
this  study  was  exhibiting  accelerated  proteolysis  over  and  above 
that  associated  with  normal  turnover.  More  recently  Dean  (1979, 
1980)  has  used  a  similar  approach  to  evaluate  the  role  of 
lysosomes  in  basal  protein  degradation  in  cultured  mouse  macro¬ 
phages.  Rates  of  proteolysis  in  these  cells  could  be  increased 
over  basal  levels  by  use  of  serum-depleted  (step-down)  medium. 
Step-down  induced  increases  in  proteolysis  have  been  observed 
for  other  cell  types  in  culture  but  the  effect  on  macrophages  is 
comparatively  small  being  of  the  order  of  5%-10%  (Amenta  et  al . , 
1978) .  The  presence  of  pepstatin  in  the  complete  medium  resulted 

i 

in  a  progressive  inhibition  of  the  rate  of  basal  degradation  reach¬ 
ing  a  maximum  of  about  40%  after  48  hours.  This  was  paralleled  by 
a  decline  in  the  recoverable  cathepsin  D  activity  in  cell  suspen¬ 
sions.  A  second  inhibitor  leupeptin  which  has  a  broader 
specificity,  and  is  active  against  cathepsin  B,  also  induced  in¬ 
hibition  of  degradation  but  in  this  case  the  inhibition  (25%-35%) 
reached  a  maximum  within  4  hours.  The  temporal  difference  in  the 
inhibitory  effects  of  leupeptin  and  pepstatin  was  attributed  to 
the  fact  that  leupeptin  which  is  water  soluble  probably  permeated 
the  cell  membrane  fairly  rapidly  while  pepstatin  which  is  virtually 
insoluble  in  water  (1%  methanol  was  used  to  solubilize  it  in  the 
medium)  appeared  to  enter  the  cell  by  a  much  slower  pinocytic  pro¬ 
cess.  Several  agents  which  affect  the  cytoskeletal  structure  of 
cells  were  also  found  to  cause  inhibition  of  degradation  and  it 
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was  suggested  that  this  may  have  been  related  to  effects  on  non- 
enzymatic  aspects  of  lysosomal  autophagy  in  these  cells.  Dean 
concluded  from  these  studies  that  lysosomes  and  the  lysosomal 
proteases  cathepsin  D  and  B,  were  involved  in  basal  protein  turn¬ 
over  in  cultured  macrophages.  The  question  as  to  whether  the 
mechanism  of  degradation  involved  in  the  observed  basal  proteolysis 
is  the  same  as  that  involved  in  normal  turnover  in  vivo  remains 
unanswered  by  these  studies.  Cells  grown  in  culture  are  not  sub¬ 
ject  to  the  very  fine  homeostatic  controls  of  their  in  vivo  en¬ 
vironment  and  it  is  possible  that  even  the  basal  proteolysis 
observed  under  nutritionally  adequate  conditions  is  simply  a 
minimization  of  a  generally  accelerated  proteolytic  activity 
characteristic  of  cultured  cells  (Hendil,  1977).  Nonetheless 
these  studies  demonstrated  the  potential  of  the  protease  inhib¬ 
itors  as  tools  for  the  evaluation  of  specific  tissue  protease  in¬ 
volvement  in  intracellular  protein  degradation,  and  in  recent  years 
their  effects  on  a  number  of  muscle  systems  have  been  investigated. 

Iodice  (1976)  found  that  pepstatin  inhibited  both  preparations 
of  cathepsin  D  from  dystrophic  chicken  breast  muscle  and  autolytic 
activity  in  homogenates  of  the  same.  He  suggested  that  the  in¬ 
hibitor  may  have  use  as  a  therapeutic  agent  in  retarding  protein 
catabolism  in  dystrophic  muscle.  Subsequently  McGowan  et  al . , 

(1976)  showed  that  pepstatin,  leupeptin  and  antipain  were  capable 
of  delaying  degeneration  and  preserving  the  ultrastructure  of 
normal  and  dystrophic  explant  cultures  of  chick  embryo  breast 


muscle . 


They  also  reported  that  similar  but  less  striking  effects 


' 
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were  observed  in  monolayer  cultures  of  normal  muscle,  and  that 


intracellular  acidic  protease  activity  (probably  cathepsin  D) 
and  cathepsin  B  activity  of  the  cultures  could  be  inhibited  by 
pepstatin  and  leupeptin  (Stracher  et  al.,  1979a).  In  addition 
they  found  that  denervation  atrophy  i_n  vivo  could  be  delayed  by 
administration  of  these  inhibitors  (Stracher,  et  al.,  1979b).  In 
a  series  of  clinical  studies  in  dystrpohic  chickens,  Stracher 
et  al.,  (1978)  reported  significant  improvements  in  treated  animals 
particularly  with  regard  to  the  histological  appearance  of  the 
tissue.  However  Enomoto  et  al.,  (1977)  was  unable  to  obtain 
evidence  of  improvements  in  dystrophic  mice  treated  with  leupeptin, 
pepstatin,  and  antipain,  for  periods  greater  than  300  days. 
Iontophoresis  of  pepstatin  failed  to  prevent  degeneration  of  in¬ 
sect  intersegmental  muscle  which  undergoes  resorption  during  meta¬ 
morphosis  (Lockshin,  1975),  although  total  acid  protease  activity 
in  cell  homogenates  prepared  from  treated  muscles  was  reduced  by 
54%  with  respect  to  controls.  Other  evidence  (Lockshin  and 
Beaulaton,  1974a,  1974b)  has  shown  a  proliferation  of  autophagic 
vesicles  and  increases  in  acid  protease  activity  just  prior  to  and 
during  resorption  suggesting  a  lysosomal  involvement  in  this  pro¬ 
cess.  The  failure  to  retard  degeneration  in  spite  of  the  demon¬ 
strated  inhibition  of  acid  protease  activity  may  be  explained  by 
the  inability  of  the  aqueous  insoluble  pepstatin  to  carry  current 
and  consequently  to  enter  the  cells  during  iontophoresis.  Thus 
it  may  simply  have  become  adsorbed  onto  the  cell  and  contact  be¬ 
tween  enzyme  and  inhibitor  only  occurred  during  homogenization  of 
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the  tissue. 

In  an  attempt  to  correlate  actual  rates  of  protein  degradation 
in  muscle  with  specific  lysosomal  proteases  Libby  and  Goldberg 
(1978)  and  Libby  et  al.,  (1979)  studied  the  effects  of  leupeptin 
and  pepstatin  on  several  normal  and  dystrophic  in  vitro  muscle 
systems.  Only  leupeptin  was  found  to  be  effective  in  retarding 
protein  degradation  as  measured  by  the  release  of  tyrosine,  in 
any  of  the  systems  studied.  Both  normal  skeletal  and  cardiac 
muscles  from  adult  rats  incubated  jlii  vitro  showed  inhibition  up 
to  60%  and  18%  respectively.  Protein  synthesis  was  unaltered  in 
these  muscles.  In  addition  cathepsin  B  activity  was  inhibited 
by  about  35%  suggesting  this  enzyme  as  a  principle  site  of  action 
of  leupeptin.  Similar  results  were  obtained  for  denervated  rat 
muscles  and  genetically  dystrophic  mouse  muscles.  Leupeptin  also 
effectively  inhibited  (^50%  inhibition)  protein  degradation  in 
fetal  mouse  hearts  during  a  period  of  48  hours  in  culture. 
Interestingly,  cathepsin  B  activities  in  this  case  were  found  to 
have  increased  significantly  with  respect  to  controls,  at  24  hours 
and  48  hours  in  spite  of  the  fact  that  proteolysis  during  this 
period  continued  to  be  inhibited.  Inhibition  effects  on  cathepsin 
B  activity  in  the  very  early  stages  of  culture  corresponding  to 
the  incubation  period  studied  in  the  adult  tissue  were  not  report¬ 
ed  and  it  was  suggested  that  the  increase  in  cathepsin  B  in  the 
fetal  hearts  was  a  relatively  specific  compensatory  response  to 
the  sustained  presence  of  leupeptin.  Alternatively  the  proteolysis 
measured  in  this  system  may  not  have  required  cathepsin  B  and 
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leupeptin  may  have  been  active  against  a  different  enzyme.  In  a 
similar  study  Wildenthal  et  al.,  (1978)  found  that  agents  such  as 
chloroquine  and  non-metabolizable  sugars,  which  are  known  to  cause 
lysosomal  dysfunction  also  resulted  in  an  inhibition  of  protein 
degradation  in  cultured  fetal  mouse  hearts.  In  the  particular 
case  of  chloroquine,  observable  alterations  in  mitochondria 
occurred  which  may  have  caused  impairment  of  energy  metabolism  and 
thus  through  energy  shortages  inhibited  protein  degradation,  an 
energy  requiring  process. 

The  results  of  these  investigations  suggested  a  lysosomal 
involvement,  probably  through  cathepsin  B,  in  intracellular 
proteolysis  in  these  muscle  systems  but  they  do  not  exclude  other 
non-lysosomal  involvement.  The  rather  broad  specificity  of 
leupeptin  certainly  allows  for  the  possibility  of  extralysosomal 
sites  of  action.  The  failure  to  obtain  inhibition  with  pepstatin 
may  again  be  a  reflection  of  the  solubility  of  this  agent  and  its 
general  inability  to  enter  cells.  Even  incubation  periods  of  48 
hours,  shown  to  be  successful  for  macrophages  did  not  produce  in¬ 
hibition  with  pepstatin,  but  this  may  be  explained  by  the  fact 
that  the  activity  of  the  phagocytic  mechanism  by  which  pepstatin 
is  probably  taken  up  is  in  general  low  in  muscle  compared  to 
tissues  containing  macrophage  and  reticuloendothelial  cells.  With 
respect  to  the  proteolysis  measured  in  these  studies,  it  is  likely 
that  increased  proteolysis  over  normal  rates  was  occurring  and 
this  may  have  activated  mechanisms  not  associated  with  normal 


turnover.  In  particular  the  fetal  heart  cultures  were  in  extreme 
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negative  nitrogen  balance  and  atrophied  quite  markedly  throughout 
the  experimental  period.  Consequently  conclusions  about  lysosomal 
involvement  in  normal  muscle  protein  turnover  cannot  be  answered 
by  these  investigations. 

Aside  from  its  rather  obvious  potential  as  an  agent  of  intra¬ 
cellular  protein  catabolism,  there  are  some  general  properties  of 
the  lysosomal  system  which  are  difficult  to  reconcile  with  known 
characteristics  of  turnover.  It  is  unlikely  that  the  acidic  con¬ 
dition  required  by  the  lysosomal  proteases  for  optimal  activity 
occurs  extralysosomally  in  muscle.  Estimates  of  the  jin  vivo  intra- 
lysosomal  pH  have  indicated  values  as  low  as  pH  4.0  which  would  be 
sufficient  for  significant  levels  of  protein  degradation  (Mego, 
1973;  Bird  et  al.,  1978).  It  therefore  seems  that  ingestion  of 
substrate  into  the  lysosome  would  be  the  necessary  mode  of  action 
rather  than  leakage  of  proteases  into  the  cytoplasm.  A  second 
problem  is  that  under  given  physiological  conditions  the  individual 
proteins  of  tissues  exhibit  distinct  half-lives  and  it  is  difficult 
to  see  how  the  rather  indiscriminate  digestive  activity  of  the 
lysosome  could  account  for  this.  Several  possible  regulatory 
mechanisms  have  been  proposed  (Segal,  1975;  Dean  and  Barrett,  1976; 
Kay,  1978)  including  selective  uptake  of  substrate  by  the  lysosome, 
but  such  suggestions  have  yet  to  be  confirmed.  An  alternative  ex¬ 
planation  is  that  if  lysosomes  play  a  part  in  normal  turnover  then 
they  may  be  involved  in  the  terminal  post-regulatory  steps  and 
selectivity  controls  determining  individual  half-lives  occur  extra¬ 
lysosomally  prior  to  lysosomal  ingestion.  In  this  context  the 


neutral  cytoplasmic  proteolytic  activity  of  muscle  has  been  im- 
licated  as  having  an  important  function,  particularly  with  respect 
to  myofibrillar  turnover. 

b.  The  neutral  proteolytic  activities.  A  number  of  proteases 
optimally  active  at  neutral  pH  have  been  isolated  from  muscle 
tissue  (Huston  and  Krebs,  1968;  Kohn,  1969;  Busch  et  al . ,  1972). 
All  of  these  enzymes  required  Ca++  for  activation  and  there  is 
reason  to  believe  that  they  are  probably  the  same  or  at  least 
closely  related  enzymes.  The  preparation  by  Busch  et  al.»  (1972) 
known  as  Ca++  activated  factor  (CAF)  has  been  most  extensively 
investigated  (Dayton  et  al . ,  1975,  1976a,  1976b).  Using  porcine 
skeletal  muscle  as  a  source  they  found  it  had  a  molecular  weight 
of  112,000  daltons  and  is  composed  of  equimolar  amounts  of  80,000 
dalton  and  30,000  dalton  subunits.  Preparations  of  CAF  from  other 
mammalian  sources  including  human  (Reddy  et  al.,  1975;  Suzuki 
et  al .  ,  1979)  were  similar  but  it  was  noted  that  a  chicken  muscle 
preparation  (Ishiura  et  al.,  1978)  contained  only  the  80,000 
dalton  subunit.  The  pH  optimum  of  the  porcine  enzyme  against  myo¬ 
fibrils  or  caesin  substrates  was  pH  7.5,  and  required  the  presence 
of  1  mM  Ca++  and  2mM  6~  mercaptoethanol .  The  enzyme  was  inhibited 
by  iodoacetamide  and  leupeptin  suggesting  it  is  a  thiol  protease 
with  a  calcium  ion  requirement. 

CAF  was  discovered  through  its  abilty  to  selectively  attack 
intact  myofibrils  and  specifically  remove  the  Z-line  (Busch 
et  al.,  1972).  The  characteristics  of  this  specificity  were 
investigated  by  incubation  of  purified  CAF  with  myofibrils. 
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or  purified  myofibrillar  protein,  and  subsequent  analysis 
by  SDS-PAGE.  With  whole  myofibrils  almost  all  of  the  a-actinin 
was  lost  within  5  minutes,  and  degradation  of  C-protein  and 
troponin-I  was  almost  complete.  Simultaneous  with  these  changes 
was  the  appearance  of  a  band  at  30,000  daltons.  Smaller  decreases 
in  the  amounts  of  tropomyosin  and  troponin-T  was  also  observed. 
Incubating  with  purified  myofibrillar  proteins  showed  that  CAF 
was  unable  to  degrade  myosin,  actin  or  a-actinin.  On  the  other 
hand  degradation  of  C-protein,  tropomyosin  and  the  troponin-I 
and  troponin-T  subunits  of  troponin  did  occur.  This  limited  pro¬ 
teolytic  attack  contrasts  with  the  more  extensive  and  indiscrim¬ 
inate  digestions  produced  by  proteases  such  as  trypsin  (Dayton 
et  al. ,  1975) . 

The  inability  of  CAF  to  digest  a-actinin  suggests  that  the 
loss  of  this  protein  from  intact  myofibrils  is  due  to  its  sol¬ 
ubilization  rather  than  hydrolysis  as  has  been  shown  by  others 
(Reddy  et  al.,  1975).  In  addition  this  probably  accounts  for  much 
of  the  concurrent  loss  of  Z-line  integrity.  The  30,000  fragment 
which  appeared  on  digestion  of  whole  myofibrils,  was  probably  the 
same  as  that  derived  from  troponin-T  during  incubation  of  purified 
TN  with  CAF.  An  interesting  feature  of  CAF  digestion  of  myofibrils 
is  that  its  principle  sites  of  action  within  the  myofibril  are  all 
related  to  maintenance  of  the  structural  integrity  of  the  organelle. 
This  observation  has  led  to  the  proposal  that  CAF  acts  to  loosen 
the  myofibrillar  structure  by  attacking  these  strategic  structural 
components  and  causing  the  release  of  fragments  for  subsequent 
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degradation  by  other  systems  such  as  the  lysosome  (Dayton  et  al., 
1975) . 

Previous  studies  by  Etlinger  et  al.,  (1975)  had  shown  that 
treatment  of  isolated  myofibrils  with  an  ATP-relaxing  solution 
resulted  in  the  release  of  a  small  amount  of  thick  and  thin  myo¬ 
filaments  probably  from  the  preiphery  of  the  myofibril.  In  vitro 
incubation  of  skeletal  muscle  with  the  Ca"^  ionophore  A23187  re¬ 
sulted  in  increased  proteolysis  in  the  muscle  and  at  the  same 
time  increased  the  size  of  the  population  of  releasable  myofila¬ 
ments  obtained  from  myofibrils  prepared  for  these  muscles  (Kameyama 
and  Etlinger,  1979) .  Incubation  of  purified  myofibrils  with  CAF 
also  increased  the  quantity  of  releasable  myofilaments.  In  both 
of  these  cases  the  increase  could  be  inhibited  by  leupeptin  which 
also  reduced  proteolysis  in  the  in  vitro  incubated  muscles.  Thus 
it  is  possible  that  the  releasable  myofilaments  are  intermediate 
in  the  disassembly  of  the  myofibril  and  that  their  release  is 
brought  about  by  CAF,  as  suggested  above. 

There  is  at  present  very  little  information  on  the  regulation 
and  control  of  the  enzyme  in  response  to  various  physiological 
perturbations.  Dayton  et  al.,  (1977)  has  shown  that  the  activity 
of  CAF  is  increased  in  muscles  from  rabbits  with  nutritional 
(vitamin  E  deficient)  muscular  dystrophy.  In  a  study  of  a  similar 
Ca++  activated  protease  in  cardiac  muscle  Waxman  (1978)  reported 
that  the  activity  was  often  masked  by  two  polypeptide  inhibitors 
which  co-purified  with  the  enzyme.  One  of  the  inhibitors  (270,000 
showed  a  high  degree  of  specificity  for  the  cardiac  Ca++  activated 


protease  and  it  was  suggested  that  such  inhibitors  may  serve  as  an 
in  vivo  control  mechanism,  not  only  for  this  enzyme  but  also  other 
non-lysosomal  proteases. 

Although  the  limited  and  specific  mode  of  action  of  CAF  on  myo¬ 
fibrils  makes  it  an  attractive  candidate  for  the  task  of  initiating 
the  disassembly  of  the  myofibril  there  are  certain  features  of  the 
enzyme  which  raise  doubts  as  to  its  physiological  significance. 

First  of  all  the  Ca'*-1"  requirement  of  1.0  mM  is  at  least  an  order 
of  magnitude  greater  than  that  found  in  muscle.  In  accordance  with 
the  idea  that  intracellular  Ca++  levels  are  elevated  due  to  a  mem¬ 
brane  defect  in  hereditary  muscular  dystrophy,  (Cullen  et  al.,  1979; 
Wroegman  et  al . ,  1979)  it  was  proposed  that  these  conditions  would 
lead  to  stimulation  of  CAF  and  perhaps  account  for  part  of  the 
accelerated  protein  degradation  in  dystrophic  muscle.  However  even 
in  dystrophy  Ca++  levels  would  not  rise  above  0.1  mM,  a  concentra¬ 
tion  too  low  to  elicit  CAF  activity.  In  addition  to  this  difficulty 
the  temperature  profile  of  the  enzyme  is  unusual  in  that  it  has  a 
maximum  at  10°C  and  shows  almost  no  activity  at  37°C.  It  appears 
that  in  the  presence  of  Ca"*-^  at  37°C  the  enzyme  is  unstable  and  de¬ 
grades  very  rapidly  (Goll,  1979,  personal  communication) .  Unless 
these  objections  can  be  overcome  it  is  difficult  to  envisage  any 
physiological  role  the  enzyme  might  have  to  play  in  myofibrillar 
turnover  and  the  search  for  suitable  alternatives  will  continue. 

c.  The  alkaline  proteolytic  activities.  The  third  group  of  pro¬ 
teases,  active  in  the  alkaline  range  is  somewhat  more  difficult  to 
evaluate.  A  number  of  such  activities  have  been  reported  but  it  is 
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not  clear  how  many  distinct  enzymes  are  involved.  All  but  one  are 
serine  proteases  with  pH  optima  in  the  range  pH  8.5-10.5,  they  are 
insoluble  in  low  ionic  strength  buffers  and  several  are  tightly 
bound  to  the  myofibril.  There  are  differences  in  molecular  weights, 
effects  of  inhibitors,  metal  ion  requirements  and  cell  fractions 
from  which  they  are  isolated,  indicating  that  more  than  one  enzyme 
is  involved. 

Koszalka  and  Miller  (1960a,  1960b)  partially  purified  an  auto- 
lytic  activity  with  an  optimum  between  pH  8. 5-9.0  from  the  10,000 
x  g.  supernatant  (post-myofibrillar)  which  had  a  chymotrypsin-like 
specificity.  Subsequently  Noguchi  and  Kandatsu  (1970,  1971)  re¬ 
ported  an  alkaline  autolytic  activity  in  rat  skeletal  muscle,  which 
appeared  to  be  associated  with  the  myofibrils.  The  purified  enzyme 
had  a  molecular  weight  of  22,000  daltons,  pH  optimum  9.0-10.5  and 
was  also  chymotrypsin-like  in  its  specificity  (Noguchi  and 
Kandatsu,  1976).  Holmes  et  al.,  (1971)  reported  an  alkaline  pro¬ 
tease  (25K)  (pH  10.0)  associated  with  rat  skeletal  muscle  myo¬ 
fibrils,  with  properties  similar  to  Noguchi  and  Kandatsu' s  enzyme. 
They  did  however  differ  in  that  the  supernatant  fraction  strongly 
inhibited  Noguchi  and  Kandatsu’ s  enzyme  (Noguchi  and  Kandatsu,  1970) 
but  did  not  affect  the  preparation  of  Holmes  et  al.,  (1971).  It  was 
noted  that  these  enzymes  resembled  in  many  respects  a  chymotrypsin- 
like  protease  found  in  peritoneal  mast  cells  (Kawiak  et  al.,  1971), 
and  it  was  suggested  that  the  muscle  enzymes  may  in  fact  originate 
from  mast  cells  present  in  the  muscle.  Thus  attempts  to  isolate 
the  enzyme  from  the  muscle  of  rats  previously  treated  with  an  agent 


which  selectively  degranulates  mast  cells,  were  unsuccessful  and 
it  was  concluded  that  the  enzyme  was  probably  derived  from  the 
mast  cells  (Park  et  al.,  1973).  Further  support  for  this  idea 
was  provided  by  Drabikowski  et  al.,  (1977)  who  showed  that  the  pre¬ 
sence  of  the  alkaline  protease  could  only  be  demonstrated  in 
muscles  from  animals  known  to  have  tissues  infiltrated  with  mast 
cells.  Accordingly,  no  activity  is  found  in  rabbit  skeletal 
muscles,  which  are  thought  to  be  devoid  of  mast  cells  (Constant- 
inides,  1953).  Noguchi  and  Kandatsu  (1976)  have  suggested  that 
mast  cells  are  a  likely  source  of  their  enzyme. 

Katanuma  and  his  colleagues  (Katanuma  et  al.,  1975;  Yasogawa 
et  al . ,  1978;  Sanada  et  al.,  1978,  1979)  also  isolated  a  serine 
protease  with  an  alkaline  pH  optimum  (8.0)  and  a  molecular  weight 
of  22,000-24,000  from  several  rat  tissues  including  muscle.  How¬ 
ever,  the  enzyme  was  shown  to  be  very  similar  to  the  mast  cell 
enzyme  in  many  of  its  properties  and  was  conclusively  located  in 
mast  cells  by  immunof luorescent  labelling  (Woodbury  et  al . ,  1978a, 
1978b) .  In  previous  studies  these  workers  had  shown  increases  in 
the  enzyme's  specific  and  total  activity  in  mice  with  hereditary 
muscular  dystrophy  (Sanada  et  al . ,  1978).  This  apparently  muscle 
specific  response  seems  incompatible  with  a  mast  cell  origin,  how¬ 
ever  it  may  be  explained  by  assuming  that  the  number  of  mast  cells 
remains  constant  in  dystrophy  and  therefore  during  muscle  atrophy 
the  relative  portion  increases. 

The  cellular  origin  of  an  alkaline  protease  described  by  Mayer 
and  his  colleagues  .remains  to  be  established  (Mayer  et  al . ,  1974). 


The  enzyme  has  a  pH  optimum  of  9.5,  is  inhibited  by  soybean  trypsin 
inhibitor  and  is  associated  with  the  myofibrillar  fraction.  The 
enzyme  has  not  been  sufficiently  characterized  to  permit  useful 
comparison  with  the  other  proteases  already  described.  However, 
an  enzyme  with  similar  properties  has  been  prepared  by  Dahlmann 
and  Reinauer  (1978)  who  observed  elevated  alkaline  proteolytic 
activity  in  muscles  of  diabetic  rats  (Rothig  et  al.,  1978).  On 
purification  they  found  the  enzyme  had  a  molecular  weight  of  about 
31,000  a  pH  optimum  of  9. 4-9. 6,  similar  bivalent  ion  requirements 
to  Mayer’s  enzyme  and  was  inhibited  by  soybean  trypsin  inhibitor. 
More  significantly  it  was  not  affected  by  di-isopropyl  phosphoro- 
fluoridate  (DPF)  or  a-toluenesulphonyl  (TPS)  but  was  inhibited 
by  p-chloromercuribenzoate  (PCMB)  indicating  that  it  was  a  thiol 
rather  than  serine  protease  and  therefore  quite  distinct  from  any 
of  the  previously  described  alkaline  proteases.  Mayer  et  al.,(1974, 
1976)  investigated  the  significance  of  the  enzyme  in  muscle  cata¬ 
bolism  under  a  variety  of  conditions.  Under  conditions  of  in¬ 
creased  muscle  proteolysis  in  vivo,  such  as  starvation,  diabetes, 
dystrophy  and  glucocorticoid  administration  the  activity  increased. 
On  the  basis  of  these  studies  it  was  suggested  that  the  myo¬ 
fibrillar  protease  played  a  pivitol  role  in  muscle  protein  cata¬ 
bolism  and  adapted  in  response  to  particular  conditions.  Interest¬ 
ingly  laevodosin,  a  mixture  of  nucleotides  and  nucleosides,  in¬ 
hibited  the  enzyme  and  reduced  its  activity  in  vivo  (Mayer  et  al . , 
1976)  . 


Several  alkaline  proteolytic  activities  have  been  identified  in 
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cardiac  muscle.  Both  Bhan  et  al.,  (1978)  and  Murakami  and  Uchida 
(1978)  have  purified  their  respective  enzymes  and  tested  these 
against  myofibrillar  proteins.  The  results  indicated  that  both 
were  capable  of  selectively  degrading  the  light  chain  2  of  myosin. 
Because  of  this  specificity  it  was  suggested  that  these  enzymes 
could  be  involved  in  myosin  turnover  acting  in  a  manner  comparable 
to  the  "nick"  scheme  proposed  for  CAF.  The  cellular  origins  of 
these  enzymes  was  not  investigated  but  since  mast  cells  are  also 
found  in  the  heart,  it  is  possible  that  some  of  the  cardiac  enzymes 
are  also  derived  from  this  source.  Further  investigations  will  be 
required  to  determine  if  skeletal  or  cardiac  muscle  contain  an  in¬ 
digenous  alkaline  protease,  and  what  role,  if  any,  it  may  have  in 
intracellular  protein  degradation. 

b .  Factors  regulating  protein  degradation  in  muscle 
during  states  of  growth  and  atrophy. 

The  capacity  of  mature  skeletal  muscle  to  alter  its  mass  and 
composition  in  response  to  various  stimuli  including  pathological 
stress,  is  well  recognized.  It  is  generally  accepted  that  such 
changes,  in  the  initial  stages  at  least,  do  not  involve  changes  in 
the  number  of  muscle  fibres,  although  in  some  states  of  growth  in¬ 
creases  in  DNA  content,  presumably  derived  from  satellite  cell 
proliferation,  have  been  observed  (Kelly,  1978;  Schultz,  1978) . 

The  mechanisms  which  underly  these  processes  of  growth  (hypertrophy) 
and  atrophy  are  not  well  understood,  but  it  is  apparent  that 
regulation  of  cellular  protein  metabolism  plays  an  important  role 
(Young,  1970;  Goldberg  and  St.  John,  1976;  Waterlow  et  al . ,  1978). 


During  steady  state  conditions  the  overall  rates  of  protein 
synthesis  and  degradation  are  equal.  However  in  states  of  growth 
or  atrophy  there  is  an  imbalance  in  this  equilibrium,  leading  to 
either  a  net  accumulation  or  loss  of  protein.  Theoretically,  the 
transition  from  steady  to  non-steady  state  conditions  could  be 
induced  by  changes  in  either  synthesis  or  degradation.  Thus  con¬ 
trol  of  the  rate  of  intracellular  protein  degradation  is  potential¬ 
ly  as  important  as  control  of  synthesis  in  regulating  states  of 
growth  and  atrophy  in  skeletal  muscle,  as  well  as  other  tissues. 

It  should  be  emphasized  that  in  this  context  protein  degradation 
refers  to  the  overall  rate  of  proteolysis  in  the  muscle  and  would 
therefore  correspond  to  control  at  a  coarse  level.  The  rates  of 
degradation  of  individual  molecular  species  would  depend  upon  both 
the  level  of  adjustment  of  this  coarse  control  and  to  specific  fine 
control  factors  discussed  previously. 

Studies  of  normal  growth  in  rats  (Millward  et  al . ,  1976; 
Haverberg  et  al.,  1978)  and  chickens,  (Maruyama  et  al.,  1978)  have 
shown  that  the  rates  of  both  protein  synthesis  and  degradation  are 
initially  high  and  gradually  decline  as  growth  proceeds,  to  lower 
levels  characteristic  of  the  adult.  Decreased  growth  rates  in 
young  rats,  induced  by  dietary  restriction,  were  found  to  be 
primarily  the  result  of  decreased  rates  of  protein  synthesis  while 
protein  degradation  remained  more  or  less  unaltered  (Millward 
et  al.,  1976;  Waterlow  et  al.,  1978;  Haverberg  et  al . ,  1978). 

Only  during  states  of  fasting  or  starvation  when  growth  was  either 
halted  or  atrophy  actually  induced,  were  increased  rates  of  de- 
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gradation  observed.  In  contrast  to  these  results  the  decreased 
growth  rates  found  in  chicks  fed  diets  deficient  in  both  fuel 
molecules  and  amino  acids,  appeared  to  be  mediated  primarily 
through  changes  in  the  rates  of  degradation  rather  than  synthesis 
(Maruyama  et  al.,  1978).  Since  similar  techniques  were  employed 
in  both  sets  of  studies  it  seems  that  methodological  differences 
cannot  explain  the  observed  differences  and  the  differences  may 
simply  reflect  differences  between  species. 

As  mentioned  above,  only  during  states  of  fasting  or  starvation 
were  rates  of  protein  breakdown  found  to  be  increased  (Millward 
et  al . ,  1976).  Related  studies  of  arterio-venous  differences 
across  the  forearm  of  humans  and  the  hind  limb  in  rats,  indicate 
that  by  16  hours  post-absorption  there  is  a  net  release  of  amino 
acids  from  muscle  (Felig,  1975) .  Such  observations  have  led  to 
the  suggestion  that  under  conditions  of  nutritional  stress  and 
in  particular  energy  deprivation,  skeletal  muscle  provides  a  source 
of  amino  acids  which  can  serve  as  substrates  for  gluconeogenesis 
(Felig,  1975;  Cahill,  1970).  There  is  now  a  considerable  body  of 
evidence  which  suggests  that  part  of  this  adaptive  response  may  be 
regulated  through  the  action  of  insulin.  For  example,  several 
studies  have  shown  that  addition  of  insulin  at  physiological  levels 
to  iri  vitro  incubated  skeletal  and  cardiac  muscle,  simultaneously 
stimulates  protein  synthesis  and  inhibits  protein  degradation 
(Goldberg,  1979;  Jefferson  et  al . ,  1974;  Fulks  et  al.,  1975; 

Rannels  et  al . ,  1975;  Lundholm  and  Scherstein,  1975,  1977).  In¬ 


creased  synthetic  rates  induced  by  insulin,  may  be  due  to  direct 


- 


influences  such  as  stabilization  of  mRNA  (Woll  et  al.,  1972; 
Jefferson  et  al . ,  1974).  Another  possibility  is  that  insulin 
induced  enhancement  of  amino  acid  or  glucose  uptake  stimulates 
protein  synthesis  since  addition  of  these  substances  to  the  in¬ 
cubation  medium,  in  the  absence  of  insulin,  were  also  found  to 
increase  synthesis.  Interestingly,  in  the  case  of  increased 
leucine  concentration,  the  rates  of  protein  degradation  were  also 
found  to  be  decreased,  but  the  mechanisms  by  which  this  occurs  is 
presently  unknown  (Fulks  et  al . ,  1975;  Buse  and  Weigand,  1977). 
Similarly  the  mechanism  by  which  insulin  causes  a  decrease  in  the 
rate  of  protein  degradation  is  not  known.  However  since  this 
effect  is  also  seen  in  the  presence  of  inhibitors  of  protein  syn¬ 
thesis  such  as  cycloheximide  it  seems  unlikely  that  decreased 
degradation  occurs  as  a  secondary  response  to  changes  in 
synthesis . 

Another  class  of  hormones  which  may  be  important  in  regulating 
muscle  protein  metabolism  in  certain  conditions  are  glucocorticoids. 
During  starvation  glucocorticoid  levels  are  elevated  (Mayer  and 
Rosen,  1977)  and  there  is  a  marked  decrease  in  the  ability  of 
adrenalectomized  rats  to  maintain  their  glucose  levels  in  response 
to  fasting  (Steel,  1975).  This  latter  observation  may  reflect  an 
inability  in  these  animals  to  mobilize  amine?  acids  in  peripheral 
tissues  for  conversion  to  glucose  in  the  liver.  In  general  the 
glucocorticoids  are  associated  with  marked  catabolic  effects  in 
muscle,  particularly  when  present  in  high  concentrations  as  is 
found  in  Cushing’s  syndrome,  but  it  is  not  certain  whether  this 
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is  due  to  decreased  protein  synthesis  or  increased  degradation. 
Goldberg  (1969a)  found  by  isotope  decay  methods,  that  the  total 
activity  in  the  muscle  proteins  of  rats  treated  for  7  days  with 
cortisone,  was  decreased  with  respect  to  untreated  controls,  while 
the  specific  activity  was  not  altered.  These  results  were  inter¬ 
preted  as  meaning  that  both  decreased  synthesis  and  increased  de¬ 
gradation  were  responsible  for  the  observed  atrophy  of  the  muscle. 
Shoji  and  Pennington  (1977)  also  demonstrated  that  glucocorticoid 
treatment  decreased  protein  synthesis  in  rat  skeletal  muscle,  but 
were  unable  to  find  any  evidence  for  increased  catabolic  rates. 

In  fact  after  three  days  of  steroid  treatment  decreased  rates  of 
protein  degradation  were  found.  More  recently  Goldberg  et  al., 
(1980)  reported  that  fasting  in  adrenalectomized  rats  did  not 
cause  increased  protein  breakdown  in  their  muscles  in.  vitro ,  as 
was  found  for  normal  controls,  indicating  that  that  adrenal  function 
perhaps  through  glucocorticoids,  were  required  for  stimulation  of 
the  tissue’s  protein  degradation.  The  effects  of  glucocorticoid 
replacement  in  fasted  adrenalectomized  animals  was  not  reported, 
therefore  it  is  not  absolutely  clear  that  the  failure  to  increase 
protein  breakdown  in  these  animals  was  due  solely  to  the  absence 
of  glucocorticoids. 

Mayer  and  his  colleagues  (Mayer  and  Rosen,  1977;  Mayer  et  al . , 
1976)  have  reported  that  the  catabolic  effects  of  glucocorticoids 
on  muscle,  are  paralleled  by  specific  increases  in  the  level  of 
alkaline  protease  activity  which  they  suggest  may  be  a  mechanism 
by  which  increased  rates  of  proteolysis  could  be  induced.  However 
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as  discussed  in  an  earlier  section,  it  remains  to  be  established 
that  the  alkaline  protease  activity  is  in  fact  of  muscle  origin 
and  not  derived  from  mast  cells  present  in  the  muscle  tissue. 

Thus  while  the  evidence  for  the  effects  of  these  hormones  on 
protein  synthesis  in  muscle  is  good,  there  is  no  agreement  on 
their  effects  on  protein  degradation,  and  further  studies  will  be 
required  to  clarify  this  point. 

Hypophysectomy  has  also  been  used  to  suppress  normal  growth 
in  young  rats  (Kostyo  and  Isaksson,  1977;  Talwar  et  al.,  1975). 
Under  these  conditions,  Goldberg  and  his  colleague  found  that 
both  protein  synthesis  and  degradation  were  decreased  with  respect 
to  controls,  in  muscle  isolated  from  these  animals,  (Goldberg 
et  al . ,  1979,  1980).  Treatment  of  hypophysectomized  animals 
with  growth  hormone  restored  normal  body  growth  and  increased 
rates  of  muscle  protein  synthesis  without  affecting  protein  deg¬ 
radation  (Goldberg  et  al.,  1979,  1980).  Earlier  observations  on 
in  vitro  incubated  muscles  had  also  shown  that  growth  hormone  did 
not  affect  rates  of  degradation  (Goldberg,  1969b;  Trenkle,  1974) . 
The  decrease  in  breakdown  after  hypophysectomy,  was  attributed  to 
a  lack  of  thyroid  hormones  (Griffin  and  Goldberg,  1977;  Goldberg 
et  al . ,  1977),  since  control  levels  of  degradation  could  be  re¬ 
stored  by  treatment  with  either  tri-iodothyronine  (T^)  or 
thyroxine  (T^) ,  while  thyroidectomy  decreased  breakdown.  In 
addition  the  catabolic  effects  of  large  doses  of  T^  or  T^, 
characteristic  of  thyrotoxicosis,  were  correlated  with  significant 
increases  in  rates  of  proteolysis  and  the  activities  of  several 
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lysosomal  enzymes  including  cathepsin  B  and  D  (Goldberg  et  al . , 
1979;  DeMartino  and  Goldberg,  1978).  It  was  therefore  suggested 
that  thyroid  hormones  may  act  to  increase  protein  catabolism  in 
muscle  by  stimulating  lysosomal  activity,  and  that  this  may  re¬ 
present  an  important  general  mechanism  in  the  regulation  of  muscle 
protein  metabolism  (Goldberg  et  al.,  1979). 

In  addition  to  these  nutritional  and  hormonal  factors,  several 
other  factors  have  been  found  to  be  important  in  muscle  growth 
and  atrophy.  Evidence  from  a  number  of  sources  has  established 
that  the  level  of  mechanical  activity  in  a  muscle  is  an  important 
influence  on  the  growth  state  of  the  tissue  (Laurent  and  Millward, 
1980;  Goldberg  and  St.  John,  1976).  In  general,  increased 
activity  leads  to  muscle  hypertrophy  while  decreased  activity  or 
disuse  leads  to  atrophy.  As  with  the  growth  states  already  dis¬ 
cussed,  these  activity  associated  changes  have  been  related  to 
changes  in  the  protein  metabolism  of  muscle.  To  this  end  a  number 
of  experimental  models  have  been  developed  (Laurent  and  Millward, 
1980) .  Goldberg  (1969b,  1971b)  used  tenotomy  of  the  gastrocnemius 
to  induce  compensatory  hypertrophy  in  the  synergistic  soleus,  as  a 
model  for  studying  the  relationship  of  protein  metabolism  to 
muscle-  growth.  The  results  of  these  investigations  suggested  that 
during  hypertrophy  synthesis  was  increased  while  degradation  was 
decreased  with  respect  to  contralateral  controls.  These  changes 
led  to  significant  increases  in  the  weight  and  protein  content  of 
the  tissue  with  sarcoplasmic  protein  increasing  relatively  more 
than  myofibrillar.  Laurent  and  Millward  (1980)  have  argued  that 
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the  isotope  decay  measurements  used  by  Goldberg  in  these  studies, 
were  probably  in  error  due  to  extensive  recycling  of  label  and 
that  increased  protein  synthesis  in  these  muscles  was  sufficient 
to  account  for  their  growth.  An  interesting  aspect  of  this  work- 
induced  growth  is  that  it  appears  to  be  independent  of  hormonal 
factors  and  would  therefore  allow  the  organism  to  develop  specific 
muscles  in  response  to  particular  needs. 

Using  a  different  approach,  Goldspink  (1977a)  investigated 
the  effects  of  immobilization  and  stretch  on  protein  metabolism  in 
muscle.  Immobilization  atrophy  was  shown  to  correlate  with  de¬ 
creased  synthesis  and  increased  degradation.  Similarly  Nihei  and 
Sternberg  (1978)  and  Walker  and  Strohman  (1978)  found  that  the 
half-life  of  myosin  heavy  chain  in  muscle  cultures,  was  decreased 
whenever  the  spontaneous  mechanical  activity  of  the  cultured  cells 
were  inhibited.  In  particular  Walker  and  Strohman  (1978)  showed 
that  there  was  no  change  in  the  rates  of  myosin  heavy  chain  syn¬ 
thesis  in  inhibited  cultures  and  they  suggested  that  the  decreased 
heavy  chain  half-life  was  caused  by  regulation  at  the  post-trans¬ 
lational  level  i.e.  degradation.  In  contrast  to  these  results 
Goldspink  (1977a)  also  found  that  immobilized  muscles  held  in  a 
stretched  position  hypertrophied  with  respect  to  unrestrained  con¬ 
trols.  This  stretch  induced  hypertrophy  was  apparently  due  to  an 
increase  in  synthesis  only,  and  it  was  suggested  that  both  passive 
stretch  and  development  of  isometric  tension  induced  through  a 
stretch  reflex,  acted  on  the  muscle  in  an  unspecified  manner  to 
stimulate  growth  through  protein  synthesis. 
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A  related  model  of  muscle  hypertrophy  is  the  denervated  rat 
hemidiaphragm.  In. this  case,  although  denervation  eventually 
leads  to  atrophy,  the  initial  response  of  the  muscle  is  to  hyper¬ 
trophy  (Turner  and  Garlick,  1974).  This  transient  hypertrophy  has 
been  attributed  to  passive  stretch  of  the  denervated  hemidiaphragm 
resulting  from  contractile  activity  in  the  innervated  functional 
half.  During  the  period  of  hypertrophy  rates  of  protein  synthesis 
were  found  to  be  increased  as  were  rates  of  degradation  (Turner 
and  Garlick,  1974) .  Similar  results  were  reported  by  Goldspink 
(1977b)  for  the  denervated  extensor  digitorum  longus  muscle 
maintained  in  a  fixed  immobilized  state.  A  difficulty  of  inter¬ 
pretation  with  these  results  is  that  the  increased  level  of 
degradation  could  be  the  direct  result  of  denervation  (Goldspink, 
1976,  1977b),  rather  than  being  part  of  the  transient  hypertrophy 
mechanism  itself  and  in  fact  the  rate  of  degradation  could  be  the 
limiting  factor  which  ultimately  stops  growth  and  induces  atrophy. 
To  some  extent  these  difficulties  can  be  overcome  by  the  system 
developed  by  Laurent  and  Sparrow  (1977) ,  which  involves  attaching 
a  suitable  weight  to  the  wing  of  the  chicken  and  observing  the 
resultant  growth  in  specific  muscles,  usually  the  anterior  lat- 
issimus  dorsi  (ALD) .  On  the  basis  of  studies  in  this  model  it  was 
concluded  that  hypertrophy  was  accompanied  by  increased  synthesis 
and  degradation,  with  the  increase  in  synthesis  exceeding  that  for 
degradation  (Laurent  and  Sparrow,  1977;  Laurent  et  al.,  1978; 
Laurent  and  Millward,  1980).  The  cellular  mechanisms  underlying 
these  changes  are  presently  unknown,  but  it  has  been  suggested  that 
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stretch  or  stretch  induced  isometric  tension,  may  result  in  muscle 
plasma  membrane  alterations  which  are  prerequisite  to  the  changes 
in  protein  metabolism  (Laurent  and  Millward,  1980).  Thus,  in¬ 
creased  uptake  of  amino  acids  observed  in  stretched  muscles  could 
lead  to  secondary  stimulation  of  protein  synthesis  (Nahara  and 
Holloszy,  1974:  Goldberg  et  al . ,  1975).  As  for  the  relationship 
of  stretch  in  intracellular  protein  degradation,  it  is  not  possi¬ 
ble  to  draw  meaningful  conclusions  until  details  of  the  individual 
steps  in  degradation  are  elucidated.  All  that  can  be  said  at  pre¬ 
sent  is  that  the  behavior  of  degradation  during  states  of  growth 
and  atrophy  in  muscle  appears  to  depend  very  much  on  the  nature  of 
the  precise  inducing  stimulus. 

D.  The  Microbial  Protease  Inhibitors 

Leupeptin  and  pepstatin  are  peptides  which  belong  to  a  group 
of  naturally  occurring,  low  molecular  weight  proteinase  inhibitors. 
They  were  first  described  by  Umezawa  and  his  coworkers  (Umezawa, 
1972,  1976)  who  discovered  them  during  screening  studies  of 
filtrates  of  actinomycetes  cultures.  These  workers  had  reasoned 
that  microbial  cells  such  as  actinomycetes,  which  were  thought  to 
obtain  nutrients  from  their  environment  by  secreting  proteases  to 
digest  organic  nitrogen,  may  also  produce  protease  inhibitors  as 
a  self-protection  mechanism  against  the  potentially  harmful  effects 
of  the  proteases.  The  structures  of  leupeptin  and  pepstatin  are 
shown  in  Figure  2,  and  some  of  their  properties  are  listed  in 


Figure  2.  Molecular  structure  of  leupeptin  and 
and  pepstatin  (Umezawa,  1976). 
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PROPERTIES  OF  LEUPEPTIN  AND  PEPSTATIN 


Table  3. 


Structural  studies  (Umezawa,  1972)  revealed  that  leupeptin 
was  in  fact  a  mixture  of  several  compounds,  two  major  forms  of 
which  were  acetyl-L-leucyl-L-leucy 1-L-arginal  ( leupept in-Ac-LL) 
and  proprionyl-L-leucy 1-L-leucyl-L-arginal  (leupept in-Pr-LL) . 

The  occurrence  of  other  less  common  forms,  in  which  either  or 
both  of  the  leucine  residues  had  been  substituted  with  valine 
or  isoleucine,  was  also  reported.  In  a  survey  of  its  inhibitory 
properties  (Ayoagi  et  al . ,  1969),  leupeptin  was  tested  against 
a  number  of  different  proteases,  for  its  ability  to  inhibit  both 
proteolytic  and  esterolytic  activities.  It  was  found  to  be  a 
strong  inhibitor  of  the  proteolytic  effects  of  papain,  trypsin 
and  plasmin,  a  somewhat  weaker  inhibitor  of  thrombokinase 
(thromboplastin)  and  was  ineffective  against  a-chymo trypsin  at 
concentrations  greater  than  500  ug/ml  (the  maximum  concentration 
tested) .  Its  inhibition  of  esterolysis  by  plasmin,  trypsin  and 
kallikrein  was  in  general  found  to  be  considerably  weaker  and  in 
the  case  of  thrombin  virtually  non-existent.  More  recently  it  has 
been  shown  that  leupeptin  is  an  effective  inhibitor  of  a  thiol 
dependent  Ca-1-^  -  activated  neutral  proteinase  from  skeletal  muscle 
(Libby,  1977,  personal  communication).  On  the  other  hand  leupeptin 
does  not  inhibit  collagenase,  a  metalloendoproteinase ,  from  poly¬ 
morphonuclear  leucocyte  granules  (Barrett,  1974;  Wingender,  1974). 
Of  several  other  tissue  proteinases  examined  only  cathepsin  B, 
a  thiol  proteinase  similar  to  papain  was  inhibited  (Barrett,  1974; 
Wingender,  1974) .  Cathepsins  C,  D  and  E  and  elastase  were  not 


inhibited.  Thus  leupeptin  does  not  appear  to  be  specific  for  a 
particular  class  of  proteinases  nor  does  it  inhibit  all  protein- 
ases  within  any  given  class. 

Preliminary  studies  on  its  mechanism  of  action  (Umezawa, 

1972,  1976)  indicated  that  the  arginal  residue  was  essential  to 
its  inhibitory  activity  and  furthermore  that  the  aldehyde  group 
of  this  residue  was  important.  These  observations  led  to  the 
suggestion  that  leupeptin  acted  in  a  manner  similar  to  synthetic 
peptide  aldehyde  inhibitors  of  both  serine  and  thiol  proteinases 
(Barrett,  1974).  These  inhibitors  were  believed  to  form  stable 
covalent  hemiacetal  (with  serine  proteinases)  and  thiohemiacetal 
(with  thiol  proteinases)  addition  complexes  analagous  to  the 
postulated  tetrahedral  intermediates  of  the  catalytic  mechanism. 

A  recent  crystallographic  and  kinetic  study  (Brayer  et  al.,  1979) 
of  the  interaction  of  N-acetylprolylalanyl-prolylphenylalaninal 
with  the  serine  protease  SGPA,  clearly  deomons trated  the  formation 
of  a  tetrahedral  addition  complex  and  confirmed  the  covalent  nature 
of  the  link.  Thus  it  seems  likely  that  all  of  these  peptide 
aldehydes  including  leupeptin  act  in  a  similar  manner  to  inhibit 
both  serine  and  thiol  proteinases.  The  fact  that  leupeptin  does 
not  inhibit  all  proteinases  from  these  two  classes  may  be  explain¬ 
ed  in  terms  of  specific  structural  properties  which  render  it  in¬ 
compatible  for  binding  to  the  active  site,  in  some  cases. 

As  with  leupeptin,  pepstatin  was  found  to  be  a  mixture  of 
structurally  related  compounds  differing  mainly  in  the  nature  of 
a  fatty  acid  residue  linked  at  the  N-terminal  by  a  peptide  bond 


. 
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(Umezawa,  1972,  1976).  In  the  example  shown  in  Figure  3  the 
fatty  acid  moiety  is  isovaleric  acid  but  samples  containing  other 
fatty  acids  such  as  caproic,  isocaproic  and  heptanoic  acid  have 
also  been  described.  Peptide  structure  and  amino  acid  analysis 
(Morishima  et  al . ,  1970)  revealed  the  presence  of  one  alanine  and 
two  valine  residues  along  with  two  residues  of  an  unusual  amino 
acid,  4-amino-3-hydroxy-6-methyl-heptanoic  acid  (statine).  Studies 
of  its  inhibitory  properties  showed  that  pepstatin  was  a  specific 
potent  inhibitor  of  acid  proteinases  including  pepsin,  renin  and 
cathepsins  D  and  E  (Barrett,  1974;  Guyene  et  al.,  1976).  One 
exception,  however,  was  the  acid  proteinase  A  from  Aspergillus 
niger ,  although  having  an  acid  pH  optimum,  is  believed  to  be 
catalytically  distinct  from  other  acid  proteinases. 

Preliminary  studies  on  the  mechanism  of  action  of  pepstatin 
on  pepsin  (Marciniszyn  et  al.,  1977)  showed  that  while  esterifi¬ 
cation  of  the  carboxyl  terminal  had  no  effect,  acetylation  of  the 
hydroxyl  groups  of  the  statine  residues  drastically  reduced  its 
inhibitory  activity.  The  importance  of  the  statine  residues  was 
further  underlined  when  it  was  demonstrated  that  only  fragments 
of  pepstatin  containing  statine  possessed  inhibitory  activity  and 
that  N-acetyl-statine  itself  was  a  weak  competitive  inhibitor 
(Ki  i.4  x  10“^M,  against  globin) .  The  manner  by  which  the  statine 
interact  with  the  acid  proteinases  is  at  present  unknown,  but  it 
has  been  shown  in  one  case  at  least  (Subramanian  et  al . ,  1977), 
that  pepstatin  binds  in  a  cleft  of  the  acid  proteinase  from 
Rhizopus  chinensis ,  and  the  geometry  of  this  cleft  is  very  similar 


to  that  identified  as  the  active  site  in  penicillopepsin  (Hsu 
et  al . ,  1977;  James  et  al . ,  1977).  In  addition  it  could  be  seen 
that  the  bound  pepstatin  was  situated  very  close  to  a  catalytically 
active  asparate  residue  suggesting  this  as  a  possible  mode  of  in¬ 
hibition.  Further  studies  will  be  required  to  elucidate  the 
details  of  the  interaction  and  consequent  inhibition  but  it  seems 
probable  that  pepstatin  is  structurally  adapted  to  inhibition  of 
a  catalytic  mechanism  common  to  all  carboxyl  proteinases  (Table  2) . 
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II.  STATEMENT  OF  THE  PROBLEM  AND  RELEVANCE  OF  STUDY 

It  will  be  apparent  from  the  foregoing  discussion  that 
there  is  ample  evidence  indicating  that  skeletal  muscle  proteins 
in  general  and  the  myofibrillar  proteins  in  particular,  like  the 
proteins  of  other  tissues,  exist  in  a  state  of  continuous  turnover. 
However,  the  mechanism  by  which  these  proteins  are  degraded  during 
turnover  either  in  terms  of  specific  steps  in  breakdown  pathways 
or  the  enzymology  involved  is  at  present  uncertain.  In  addition, 
it  is  not  known  whether  the  relative  increase  in  muscle  protein 
breakdown  observed  in  dystrophic  animals  is  the  result  of  in¬ 
creased  activity  of  normally  functional  mechanisms  or  processes 
unique  to  the  pathological  state.  In  an  attempt  to  resolve  these 
controversies  the  following  studies  were  undertaken, 

a)  The  kinetics  of  protein  degradation  in  normal  and 
dystrophic  chick  skeletal  muscle  in  culture  were 
examined  and  compared. 

b)  The  kinetics  of  myofibrillar  turnover  in  the  same 
system  were  examined. 

c)  The  effects  of  the  microbial  protease  inhibitors 
leupeptin  and  pepstatin  on  these  processes  were 
investigated  and  the  susceptibility  of  normal  and 
dystrophic  muscles  to  these  agents  was  determined. 

It  was  hoped  that  information  from  the  study  would  be  of  value 
to  both  Agricultural  and  Medical  Scientists.  Thus  in  areas  of 
animal  science  where  the  growth  and  development  of  muscle  is 
important,  studies  of  this  nature  could  contribute  meaningfully. 
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In  addition  studies  of  pathological  status  in  muscle  could  lead 
to  a  better  understanding  of  the  underlying  processes  and  perhap 


contribute  to  treatment  of  such  diseases. 


III.  MATERIALS  AND  METHODS 


A.  Materials 

Leupeptin  was  purchased  from  the  Protein  Research  Foundation 
(Tokyo,  Japan)  and  pepstatin  was  a  gift  from  Professor  H.  Umezawa 
of  the  Institute  of  Microbial  Chemistry,  Tokyo,  Japan.  Sulphur-35 
labelled  methionine  was  obtained  from  the  New  England  Nuclear  Corp 
Boston,  U.S.A.  The  specific  activity  of  the  labelled  methionine 
varied  from  batch  to  batch  but  fell  in  the  range,  800  Ci/mmole  to 
1200  Ci/mmole.  NCS  tissue  solubilizer  was  obtained  from  Amersham 
Corporation,  Ontario,  Canada.  Bicarbonate-free  Waymouths  medium, 
powdered  bicarbonate-free  Hanks  balanced  salts,  penicillin/strepto 
mycin  mixture  and  fungizone,  for  use  in  tissue  culture  were  ob¬ 
tained  from  GIBCO,  Canada,  Calgary,  Alberta.  Horse  serum  was 
purchased  from  Flow  Laboratories,  California,  U.S.A.  Rooster 
serum  was  prepared  from  the  blood  of  adult  White  Leghorn  roosters 
maintained  by  the  Poultry  Division  of  the  University  of  Alberta 
Farm,  Edmonton,  Alberta,  Canada.  Nitex  nylon  mesh  was  obtained 
from  Mills  Corp.,  Ontario,  Canada,  and  Corning  plastic  tissue 
culture  dishes  were  purchased  from  GIBCO,  Canada,  Calgary,  Alberta 
Acrylamide  for  use  in  gel  electrophoresis  was  obtained  from  Bio- 
Rad  Laboratories  or  Serva  Chemical  Co.,  New  Jersey,  U.S.A.  All 
other  reagents  for  electrophoresis  were  purchased  from  Bio-Rad 
Laboratories,  Mississauga,  Ontario,  Canada.  Coomassie-G-250  for 
use  in  the  dye  binding  protein  assay  was  purchased  from  the  East¬ 
man  Kodak  Company.  Nonidet-P-40  was  a  gift  from  Professor  J. 
Charnock  of  the  Department  of  Pharmacology,  University  of  Alberta, 
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Edmonton,  Alberta,  Canada.  Collagenase  Type  II  was  obtained  from 
the  Worthington  Biochemical  Co.,  U.S.A.  Purified  collagenase 
(Worthington  CLSPA)  was  supplied  by  Dr.  H.  Pearson  of  the  faculty 
of  Dentistry,  University  of  Alberta,  Edmonton,  Alberta,  Canada. 

All  other  chemicals  were  obtained  from  either  Sigma  Chemical 
Company,  St.  Louis,  Mo.,  U.S.A.  or  Fisher  Scientific  Company, 
Edmonton,  Alberta,  Canada. 

B .  Chick  Embryos 

Fertile  eggs  from  White  Leghorn  chickens  were  obtained  from 
the  Poultry  Division  of  the  University  of  Alberta  Farm,  Edmonton, 
Alberta,  Canada.  Fertile  eggs  from  genetically  dystrophic  chick¬ 
ens  carrying  the  mutation  am/am  (Asmundson  and  Julian,  1956)  were 
obtained  from  Dr.  P.  Holland  of  the  Department  of  Biochemistry, 
University  of  Saskatchewan,  Saskatoon,  Saskatchewan,  Canada.  The 
following  information  on  the  dystrophic  flock  was  kindly  supplied 
by  Dr.  P.  Holland.  The  dystrophic  flock,  which  consisted  of  80 
hens  and  20  roosters,  was  obtained  directly,  by  Dr.  E.  Cosmos  of 
McMaster  University,  Hamilton,  Ontario,  Canada,  from  the  Department 
of  Animal  Genetics,  University  of  Connecticut,  Storrs,  Connecticut, 
U.S.A.  The  birds  were  maintained  in  individual  laying  cages  and 
insemination  of  hens  was  carried  out  artificially.  Since  the  in- 
breeding  of  such  a  small  flock  could  give  rise  to  problems  of 
selection  of  traits  not  related  to  muscular  dystrophy,  only  embryos 
which  were  the  immediate  offspring  of  the  original  Storrs  flock, 
were  used  in  the  present  study. 
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C.  Cultures 


Identical  procedures  were-  used  in  the  preparation  of  cultures 
from  both  normal  and  dystrophic  chick  embryos.  Primary  cultures 
of  chick  embryo  skeletal  muscle  were  prepared  by  a  modification 
of  the  method  of  Bullaro  and  Brookman  (1976) .  Freshly  dissected 
leg  muscle  from  6  or  7,  eleven-day  embryos  were  minced  finely 
with  scissors,  suspended  in  growth  medium  (5ml)  and  transferred 
to  a  sterile,  capped  test-tube  (25  x  125  mm) .  The  mince  was  then 
dissociated  by  vortexing  at  full  speed  for  three  separate  inter¬ 
vals  of  15  seconds  and  the  resulting  cell  suspension  diluted  with 
growth  medium  (10ml).  After  standing  for  10  minutes  at  room 
temperature  the  upper  two-thirds  was  drawn  off  and  filtered  con¬ 
secutively  through  a  75-  and  15-  micron  pore  size  Nitex  nylon 
mesh.  The  filtered  suspension  was  diluted  with  an  additional  10  ml. 
of  growth  medium  and  preplated  on  non-gelatinized  tissue  culture 
plates  (90mm)  for  15  minutes  at  37°C  in  an  atmosphere  of  5%  C02- 
The  cell  suspensions  were  then  drawn  off,  pooled,  counted  on  a 
hemocytometer  and  plated  on  gelatin  coated  plates  (Hauschka,  1972) 
at  a  density  of  either  3.0  x  10^  cells/90  mm  plate  or  1.0  x  T0^ 
cells/60  mm  plate.  The  cells  were  incubated  at  37°C  in  an  atmos¬ 
phere  of  5%  CO2. 

Growth  medium  was  a  modification  of  Colemans  NC  medium 
(Coleman  et  al.,  1978)  and  consisted  of  40:60  Hanks  balanced  salt 
solution  :  Waymouths  medium,  10%  selected  horse  serum,  1%  rooster 
serum,  1%  antibiotic  mixture  and  0.25%  fungizone.  The  bicarbon¬ 
ate  concentration  was  adjusted  to  give  a  final  concentration  of 
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21.0  mM.  Individual  batches  of  horse  serum  were  screened  for 
their  ability  to  support  myogenesis  and  maintain  healthy,  cross- 
striated  myotubes  for  periods  of  twelve  days  before  selection 
for  use  in  experiments.  Rooster  serum  was  prepared  as  follows. 
Blood  was  withdrawn  from  the  wing  vein  of  the  roosters  and  under 
aseptic  conditions  transferred  to  sterile  glass  tubes  and  incubated 
at  37°C  for  Ih.  It  was  then  held  overnight  in  the  fridge  and 
subsequently  the  clot  was  spun  down  at  low  speed,  the  serum 
pipetted  off,  sterilized  by  filtration  and  stored  at  -70°C. 

Gelatin  solutions  for  coating  culture  plates  were  prepared  as 
described  by  Hauschka  (1972) . 

Photography  of  the  cultures  was  carried  out  using  either  an 
Olympus  CK  or  Nikon  M  phase  contrast  inverted  optics  microscope. 
Kodak  Tri-X  black  and  white  film  (ASA  400)  was  used  for  this  pur¬ 
pose.  Cultures  were  placed  on  the  microscope  stage  and  photograph¬ 
ed  using  the  automatic  shutter  control  at  predetermined  settings. 

A  green  filter  was  used  for  all  photographic  procedures. 

D .  Experimental  Protocols 

Radioisotopic  labelling  conditions  and  addition  of  the 
protease  inhibitors  to  the  cultures  varied  depending  upon  the 
particular  experiment. 

In  experiments  to  determine  the  effects  of  the  inhibitors 
on  protein  degradation  in  the  extractable  cell  protein  fraction 
(ECP)  cultures  were  grown  on  60  mm  plates  for  4  days,  at  which 
time  the  medium  was  changed  and  replaced  with  fresh  growth  medium 
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(2  ml)  containing  L- ( 35g) -methionine  (1.8  uCi/ml) .  Twenty-four 
hours  later  the  labelling  medium  was  removed  and  the  cultures 
washed  three  times  with  Hanks  balanced  salt  solution  (3.5  ml  /60mm 
plate/wash) .  Cultures  (0  hour  samples)  were  then  extracted  for 
cell  proteins  as  described  below  or  were  returned  to  the  incubator 
with  fresh  growth  medium  (3.5  ml)  containing  unlabelled  L-methio- 
nine  at  a  final  concentration  of  2  mM.  Where  appropriate  i.e. 
in  cultures  chosen  for  specific  treatments,  protease  inhibitors 
at  the  concentrations  indicated  (see  Results  section)  and/or 
dimethyl  sulphoxide  (DMSO)  at  a  final  concentration  of  0.5%,  were 
included  in  the  medium.  Samples  of  controls  and  treatments  from 
each  set  of  cultures  were  taken  at  24  and  72  hours  post-labelling, 
extracted  for  cell  proteins  and  analyzed  for  TCA  precipitable 
radioactivity  as  described  below.  An  identical  procedure  was  used 
in  the  determination  of  the  dose/response  relationship  with  the 
exception  that  the  experiment  was  terminated  24  hours  post-label- 
ling  and  various  concentrations  of  inhibitors  were  used. 

In  experiments  to  determine  the  effects  of  the  protease 
inhibitors  on  the  incorporation  of  labelled  methionine  into  the 
ECP  fraction,  cultures  were  grown  on  60  mm  plates  for  4  days  at 
which  time  the  medium  was  changed  and  replaced  with  fresh  growth 
medium  (3.5  ml/plate).  Protease  inhibitors  and/or  DMSO  at  the 
concentrations  indicated  were  added  to  the  media  of  treatment 
cultures  at  this  stage.  Twenty-four  hours  later  the  medium  was 
replaced  with  fresh  growth  medium  (2  ml)  containing  appropriate 
addition  of  inhibitors  and/or  DMSO  and  L- ( 35s) -methionine 


(0.9  uCi/ml).  After  12  h  incubation,  the  labelling  media  were 
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removed,  the  cultures  washed  three  times  with  Hanks  balanced 
salt  solution  (3.5  ml/60  mm  plate/wash)  and  extracted  for  ECP 
and  analyzed  for  TCA  precipitable  radioactivity  (see  below) . 

In  experiments  to  determine  the  effects  of  the  protease 
inhibitors  on  myofibrillar  turnover,  cultures  were  grown  on  90  mm 
plates.  Four  days  after  plating,  the  medium  was  changed  and 
replaced  with  fresh  growth  medium  (10  ml).  Two  days  later  (6th 
day  of  culture)  the  medium  was  changed  again  and  replaced  with 
fresh  growth  medium  (5  ml)  containing  cytosine  arabinoside  (5  x 
10“6m)  and  L-( 35s)-methionine  (4.5  uCi/ml) .  Twenty-four  hours 
later  the  labelling  medium  was  removed  and  the  cultures  washed 
three  times  with  Hanks  balanced  salt  solution  (10  ml  / 90  mm  plate/ 
wash) .  Cultures  (0  hour  samples)  were  then  used  for  the  isolation 
of  myofibrils  as  described  below,  or  returned  to  the  incubator 
with  fresh  growth  medium  (10  ml)  containing  unlabelled  L-methionine 
(2  mM)  and  DMSO  (0.5%).  The  addition  of  protease  inhibitors  to 
the  medium  of  treatment  cultures  was  initiated  at  this  stage. 
Control  and  treatment  cultures  were  taken  at  24  and  72  hours  post¬ 
labelling  and  myofibrils  were  isolated  and  analyzed  as  described 
below. 

In  all  experiments  leupeptin  and  pepstatin  stock  solutions 
(2  mg/ml)  were  prepared  fresh  for  each  set  of  cultures.  Leupeptin 
was  dissolved  in  water  (10  ml)  and  sterilized  by  filtration  through 
a  0.22  urn  millipore  filter.  Pepstatin  (20  mg)  was  suspended  in 
water  by  vigorous  mixing  for  15  minutes,  titrated  with  one  drop  of 
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1.0  N  NaOH  and  made  up  to  volume.  The  cloudy  suspension  cleared 
almost  instantaneously  on  addition  of  base,  and  the  solution  of 
pepstatin  was  sterilized  as  for  leupeptin.  Aliquots  of  these 
stock  solutions  were  added  to  growth  medium  containing  DMSO  (0.5%) 
to  give  the  final  concentrations  indicated  for  individual  ex¬ 
periments  . 

E .  Analysis  of  Extractable  Cell  Protein  (Determination 
of  Trichloroacetic  Acid  Precipitable  Radioactivity) 

Extracts  of  cell  proteins  were  prepared  in  a  manner  similar 
to  that  described  by  Devlin  and  Emmerson  (1978) .  Cultures  were 
washed  as  described  previously,  thoroughly  drained  and  extracted 
with  2  ml  / 60  mm  plate  of  SNU  buffer  (0.2%  SDS,  2%  Nonidet-P-40, 
9.5  M  urea).  The  plates  were  gently  agitated  for  10  minutes, 
allowed  to  stand  a  further  20  minutes  and  the  protein  extracts 
were  then  transferred  to  Eppendorf  tubes  and  centrifuged  on  a 
Eppendorf  3200  microcentrifuge  for  4  minutes.  Aliquots  (50  ul) 
of  the  centrifuged  extracts  were  incubated  in  0.3  N  NaOH  (1  ml) 
for  20  minutes  at  room  temperature  and  then  in  15%  TCA  (5ml)  for 
20  minutes  at  4°C.  The  protein  precipitates  were  collected  on 
Whatman  GF/A  glass  filters  and  dried  in  an  oven  at  50°C  for  2 
hours.  The  precipitates  were  then  dissolved  by  incubating  in  90% 
NCS  (1  ml)  for  2  hours  at  55°C.  Scintillation  cocktail  was  added 
and  the  samples  counted  in  the  Beckman  LS-330  liquid  scintillation 
counter.  The  cocktail  used  throughout  this  study  was  a  standard 
PPO-POPOP-ethylene  glycol  monomethyl  ether-toluene  mixture. 
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Protein  concentrations  of  the  cell  extracts  were  determined 


by  a  modification  of  the  dye  binding  assay  of  Bradford  (1976)  using 
bovine  serum  albumin  (BSA)  as  a  standard.  Cell  extracts  (100  ul) 
were  diluted  ten-fold  with  water  and  aliquots  (50  ul)  of  the 
diluted  extract  were  mixed  with  Bradford  reagent  (1.5  ml).  Fifteen 
minutes  after  mixing  the  optical  density  of  the  resulting  solution 
was  read  at  595  nm  and  the  protein  concentration  determined  by 
comparison  with  the  standard  curve.  Protein  determinations  were 
performed  in  triplicate  for  each  sample  and  for  BSA  standards. 

In  preparation  of  the  standard  curves,  SNU  diluted  to  one-tenth 
of  its  original  concentration  was  used  as  solvent  for  the  BSA 
standards.  Aliquots  (50  ul)  of  these  standard  solutions  were 
mixed  with  Bradford  reagent  (1.5  ml)  and  the  optical  density  deter¬ 
mined  as  for  the  cell  extracts.  This  procedure  was  used  in  order 
to  ensure  that  the  final  concentration  of  SNU  was  the  same  in  both 
standards  and  cell  extracts.  In  addition  blanks  containing  only 
SNU  at  the  appropriate  concentrations  showed  only  a  slight  increase 
in  optical  dnesity  (0.025-0.030  optical  density  units)  with  respect 
to  the  Bradford  reagent,  indicating  that  at  the  concentrations  used, 
SNU  did  not  interfere  with  the  assay.  Bradford  reagent  was  pre¬ 
pared  as  follows.  Coomassie-G-250  (100  mg)  was  dissolved  in  95% 
ethanol  (50  ml)  and  diluted  with  85%  phosphoric  acid  (100  ml) . 
Deionized,  distilled  water  (150  ml)  was  added  and  the  solution  was 
filtered  (Whatman  #1).  The  filtrate  was  adjusted  to  a  volume  of 
one  liter  with  deionized  distilled  water.  New  standard  curves 


were  determined  for  each  preparation  of  reagent. 
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F .  Isolation  of  Myofibrils 


Only  cultures  which  exhibited  cross-striations  and  spontane¬ 
ous  contractions  were  used  initially,  although  the  procedure  was 
subsequently  tested  on  less  developed  cultures.  All  steps  were 
carried  out  at  0°-4°  C  unless  otherwise  stated. 

Medium  was  first  decanted  and  the  plates  washed  three  times 
with  Hanks  BSS,  pH  7.1.  Each  plate  was  then  treated  with  5.0  mM 
KC1 ,  2.0  mM  ethylenediaminetetraacetic  acid  (EDTA) ,  lOmM  Tris-HCl 
pH  7.6  (10  ml  /90  mm  plate)  for  5  minutes,  after  which  time  the 
buffer  was  renewed  and  the  plates  allowed  to  stand  an  additional 
15  minutes.  The  relaxed  myotubes  were  then  extracted  with  rigor 
inducing  buffer  (RIB)  containing  2%  Triton- X-100,  2.0  mM  EDTA, 

0.1  M  KC1,  0.5  mM  dithiothreitol  (DTT) ,  10  mM  Tris-HCl  pH  7.2 
(10  ml  /90  mm  plate),  for  two  consecutive  periods  of  5  and  10 
minutes.  After  decanting  the  RIB  the  plates  were  washed  twice 
with  Ca++  and  Mg'*"*"  free  BSS  and  the  rigor  cells  were  detached  by 
brief  exposure  to  0.01%  collagenase,  0.005%  DNAase  at  room  tempera¬ 
ture  for  5  minutes.  The  detached  material  was  immediately 
sedimented  at  low  speed  resuspended  by  vortexing  for  15  seconds 
in  RIB  (2  ml)  and  homogenized  by  three  passages  through  a  3-inch, 
22-gauge  cannula.  After  standing  on  ice  for  10  minutes  the  upper 
three-quarters  was  carefully  withdrawn  and  retained,  and  the  settled 
material  homogenized  a  second  time  (10  passes)  after  resuspension 
in  RIB  (1.5  ml).  The  pooled  supernatants  were  sedimented  at 
800  x  g  for  5  minutes  and  the  pellet  containing  mostly  myofibrils 
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washed  three  times  with  RIB.  Sodium  deoxycholate  (DOC)  at  a  con¬ 
centration  of  0.02%  was  added  to  the  last  wash  to  assist  in 
extraction  of  residual  membranous  materials.  The  myofribril 
pellet  obtained  from  the  last  wash  was  prepared  for  electrophore¬ 
sis  by  dissolving  in  500  ul  of  8  M  urea,  2.5%  SDS,  5  mM  EDTA, 

5  mM  DTT,  100  mM  Tris/glycine  pH  8.80  at  100°C  for  5  minutes. 

Glycerol  was  added  to  a  final  concentration  of  30%  (v/v)  and  two 
drops  of  a  concentrated  solution  of  bromophenol  blue  (0.05%) 
added  as  a  tracking  dye. 

G.  Electrophoresis 

Electrophoresis  of  samples  and  standard  proteins  was  carried 
out  on  a  Buchler  Polyanalyst  tube  gel  system  using  an  Ortec  consant 
voltage  power  supply.  Samples  and  standards  were  run  on  10%  poly¬ 
acrylamide  gels  crosslinked  with  0.1%  bis-acrylamide ,  in  the  pres¬ 
ence  of  sodium  dodecyl  sulphate  at  a  current  of  3.0  mA/tube.  Each 
run  lasted  about  2  hours  and  was  terminated  when  the  tracking  dye. 
was  approximately  1  cm  from  the  bottom  of  the  gel.  The  gels  were 
then  removed  from  the  tubes  and  placed  in  25%  isopropanol/10%  acetic 
acid  fixative.  After  2  hours  the  fixative  was  decanted  and  replaced 
by  0.01%  Coomasie  brilliant  R-250  blue  stain  solution,  and  the  gels 
allowed  to  stand  overnight.  Initial  destaining  was  done  electrically 
for  25  minutes  in  7%  acetic  acid  using  a  Canalco  quick  gel  destainer. 
This  was  followed  by  diffusion  destaining  in  5%  methanol/10%  acetic 
acid  lasting  several  days  until  the  backgrounds  were  clear.  Destain- 
ed  gels  were  quantified  by  scanning  and  densitometry  at  550  nm  in  a 
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Gelman  Automatic  Gel  Scanner,  and  sliced  into  uniform  1  mm 
segments  using  a  Bio-Rad  model  195  Electric  gel  slicer.  The 
sliced  gel  was  then  placed  on  a  light  box  and  regions  correspond¬ 
ing  to  complete  resolved  bands  were  teased  free.  In  addition  a 
single  segment  corresponding  to  the  point  of  lowest  optical 
density  on  each  gel  was  removed  and  used  as  background.  The 
segments  for  each  band  were  placed  in  scintillation  vials  with  a 
maximum  of  3  slices  per  vial,  and  90%  NCS  (1  ml)  was  added  to 
each  vial.  The  samples  were  tightly  capped  and  incubated  at  55°C 
overnight.  Standard  cocktail  was  then  added  and  the  samples 
counted  in  a  Beckman  LS-330  liquid  scintillation  counter.  Peak 
areas  of  the  densitometric  scans  were  quantified  by  the  method  of 
triangulation. 

H .  Statistical  Analysis 

Data  for  a  single  experiment  constitutes  the  results  obtained 
from  one  set  of  cultures  i.e.  a  single  cell  preparation.  Within 
each  set  of  cultures,  controls  and  treatments  (on  a  per  plate  basis) 
were  established  in  triplicate  or  quadruplicate.  The  value  of  any 
variable  e.g.  TCA  precipitable  counts,  was  determined  for  each 
plate  and  the  arithmetic  means,  standard  deviations  and  standard 
errors  of  the  means  were  determined  for  each  set  of  triplicates  or 
quadruplicates.  Analysis  of  variance  was  performed  using  the 
Students-t-test  to  compare  the  means  of  both  treatments  and  con¬ 
trols,  and  different  treatments.  Similarly  mean  values  from  re¬ 
peats  of  individual  experiments  were  used  to  obtain  a  second  set 
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of  means,  standard  deviations  and  standard  errors  of  the  means. 


which  were  also  analyzed  for  variance  using  the  Students-t-test. 
Calculated  data  e.g.  %  inhibition,  obtained  from  the  measurements 
of  experimental  variables  were  analyzed  in  the  same  way.  If 
statistical  probability  (p)  was  less  than  0.05  the  means  were 
considered  significantly  different. 

Linear  regression  analysis  was  performed  by  computer  using 
the  method  of  least  squares  to  obtain  best  fits  of  the  semi- 
logarithmic  plots  of  specific  activity  versus  time  for  each  of 
the  myofibrillar  components,  in  individual  experiments.  Slopes 
and  correlation  co-efficients  were  determined.  The  significance 
level  of  the  correlation  co-efficient  (R)  was  also  computed  using 
the  Students-t-test  with  n-2  degrees  of  freedom. 

The  following  calculated  data  were  obtained  from  primary 
measurements . 

1)  Percent  Inhibition 

This  value  was  obtained  by  subtracting  either  total 
counts  or  specific  activity  of  24  and  72  hour  control 
values  from  the  corresponding  treatment  value  and 
and  expressing  this  difference  as  a  percentage  of  the 
difference  between  the  0  hour  value  and  the  controls 
at  either  24  or  72  hours. 

2)  Average  Rates  of  Decay 

This  value  was  obtained  for  each  curve  in  the  two 
intervals  0-24  and  24-72  hours.  The  difference  in 


counts  per  minute  between  the  start  and  finish  of  each 
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interval  was  divided  by  the  time  elapsed  (hours) 
during  the  interval. 

3)  Half-Lives 

Half-lives  were  obtained  by  substitution  of  the 
value  obtained  from  linear  regression  analysis,  into 
the  equation 


In  2 


where  ti  =  half  life 

"2 

=  rate  constant  of  degradation. 
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IV.  RESULTS 

A.  Morphological  Observations 

Under  standardized  conditions,  skeletal  (leg)  muscle  cultures 
derived  from  normal  chick  embryos,  underwent  a  reproductible 
sequence  of  developmental  changes  (Figue  3a-3d) .  During  the  first 
24  hours  in  culture,  many  of  the  cells  were  seen  to  attach  to  the 
substratum  and  begin  dividing  (Figure  3a) .  Most  of  the  cells 
present  at  this  stage  were  tentatively  identified  as  myoblasts  on 
the  basis  of  their  characteristic  spindle  shape  (Konigsberg,  1971) . 
This  period  of  cell  division  continued  until  about  40  hours  post 
plating,  at  which  time  the  myoblasts  began  to  align  and  fuse, 
forming  multinucleated  syncytia  (Figure  3b) .  By  72  hours  the  cell 
fusion  was  essentially  complete  and  the  cultures  consisted  of  an 
extensive  network  of  large  multinucleated  myotubes  (Figure  3c). 
Further  development  resulted  in  continued  hypertrophy  of  the  myo¬ 
tubes,  the  appearance  of  distinct  cross-striations ,  and  the 
initiation  of  spontaneous  twitches  on  day  6  or  7.  Twitches  were 
often  seen  prior  to  the  appearance  of  cross-striations  suggesting 
that  a  functional  contractile  apparatus  was  present  within  the 
myotubes  even  though  this  was  not  morphologically  evident.  Con¬ 
tamination  of  the  cultures  by  non-myogenic  cells  (mostly  fibroblasts) 
was  in  general  fairly  low  during  the  first  4  or  5  days,  becoming 
more  apparent  after  this  time. 

The  development  of  cultures  prepared  from  the  leg  muscle  of 
genetically  dystrophic  embryos  was  essentially  identical  in  both 
morphology  and  time  scale  (Figure  4a-4d) .  Although  not  striking. 
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Figure  3.  Morphological  Development  of  Normal  Chick 


Embryo  Leg  Muscle  in  Culture.  Cultures 
(1x10^  cells/60  mm  plate)  were  established 
as  described  in  Materials  and  Methods  and 
grown  for  8  days.  Cultures  were  taken  at 
a)  24  hours,  b)  48  hours,  c)  72  hours, 
d)  8  days,  representative  fields  selected 
and  photographed. 

NB.  8-day  old  cultures  were  rinsed  once 
with  RIB  before  photography  in  order  to 
illustrate  cross-striation  more  clearly* 


Calibration  bar  50  um. 
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Figure  4.  Morphological  Development  of  Dystrophic 
Chick  Embryo  Leg  Muscle  in  Culture. 
Cultures  (1x10^  cells/60  mm  plate)  were 
established  as  described  in  Materials 
and  Methods  and  grown  for  8  days . 
Cultures  were  taken  at  a)  24  hours, 
b)  48  hours,  c)  72  hours,  d)  8  days, 
representative  fields  selected  and 
photographed . 

NB.  8-day  old  cultures  were  rinsed  once 
with  RIB  before  photography  in  order  to 
illustrate  cross-striation  more  clearly. 


Calibration  bar  50  um. 
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it  did  however  appear  that  the  level  of  fibroblast  contamination 

f  1 

was  slightly  greater  in  dystrophic  cultures,  particularly  after 
the  6th  or  7th  day  of  culture. 

Treatment  of  normal  cultures  with  leupeptin  (50  ug/ml.), 
pepstatin  (50  ug/ml.)  or  a  combination  of  both  inhibitors 
(50  ug/ml. each),  produced  no  obvious  morphological  changes  (Figure 
5).  Similar  results  were  obtained  from  dystrophic  cultures,  treat¬ 
ed  during  the  same  interval  in  culture,  with  the  exception  that  the 
combined  use  of  the  inhibitors  for  up  to  72  hours  appeared  to  cause 
the  myotubes  to  develop  a  granular  appearance  (Figure  6) .  (This 
may  also  have  occurred  in  the  leupeptin  sample  but  was  not  as  ob¬ 
vious.)  This  effect  was  much  more  noticeable  in  older  dystrophic 
cultures  treated  with  the  combination  of  inhibitors  between  the  7th 
and  10th  days  in  culture  (Figure  7) .  In  these  cases  the  effect 
began  to  be  noticeable  about  48  hours  after  addition  of  the  in¬ 
hibitors  to  the  cultures  and  progressed  to  a  state  of  extensive 
degeneration  by  72  hours  of  exposure  (Figure  7) .  The  nature  of 
the  granular  material  was  not  established  but  appeared  similar  to 
granular  material  observed  in  other  cell  types  in  culture  and 
identified  as  autophagic  vesicles  or  lysosomes  (Smith  and  Van  Frank, 
1975) . 

B .  Analysis  of  Extraction  Cell  Protein 

With  regard  to  the  efficiency  of  extraction  of  cultures 
by  SNU  buffer  two  points  can  be  made.  Firstly,  microscopic  exam¬ 
ination  of  cultures  during  extraction  revealed  that  in  the  presence 
of  SNU  there  was  a  very  rapid  and  virtually  complete  loss  of 
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Figure  5.  Effect  of  protease  inhibitors  on  the 

morphology  of  cultures  of  normal  chick 
embryo  leg  muscle.  Cultures  (1x10^  cells/ 

60  mm  plate)  were  established  as  described 
in  Materials  and  Methods  and  grown  for  5 
days  with  one  change  of  medium  on  day  4. 
Treatment  with  leupeptin  (50  ug/ml)  and 
pepstatin  (50  ug/ml)  was  initiated  on  day 
5  and  maintained  over  the  following  72 
hours.  Cultures  were  then  removed  from  the 
incubator,  rinsed  once  with  RIB  representative 
fields  selected  and  photographed.  a)  controls, 
b)  72  hour  leupeptin,  c)  72  hour  pepstatin, 
d)  72  hour  leupeptin  and  pepstatin. 


Calibration  bar,  50  um. 
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Figure  6.  Effect  of  protease  inhibitors  on  the 


morphology  of  cultures  of  dystrophic  chick 
embryo  leg  muscle.  Cultures  (1x10^  cells/ 

60  mm  plate)  were  established  as  described 
in  Materials  and  Methods  and  grown  for  5  days 
with  one  change  of  medium  on  Day  4.  Treat¬ 
ment  with  leupeptin  (50  ug/ml)  and  pepstatin 
(50  ug/ml)  was  initiated  on  Day  5  and  was 
maintained  over  the  following  72  hours. 
Cultures  were  then  removed  from  the  incu¬ 
bator,  rinsed  once  with  RIB  representative 
fields  selected  and  photographed.  a)  control 
b)  72  hour  pepstatin  c)  72  hour  leupeptin 
d)  72  hour  leupeptin  +  pepstatin. 

Calibration  bar  50  mm. 
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Figure  7.  Cytotoxic  effect  of  combined  use  of  protease 


inhibitors  on  cultures  of  dystrophic  chick 
embryo  leg  muscle.  Cultures  (3x10^  cells/ 

90  mm  plate)  were  established  as  described 
in  Materials  and  Methods  and  grown  for  7  days 
with  changes  of  media  on  days  4  and  6.  Treat¬ 
ment  with  leupeptin  (50  ug/ml)  plus  pepstatin 
(50  ug/ml)  was  initiated  on  day  7  and  main¬ 
tained  over  the  following  72  hours.  Cultures 
were  removed  from  the  incubator  at  48  and  72 
hours  rinsed  once  with  RIB  representative 
fields  selected  and  photographed.  a)  48  hour 
control,  b)  48  hour,  leupeptin  and  pepstatin, 
c)  72  hour  control,  d)  72  hour,  leupeptin  + 
pepstatin. 
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cellular  structure  suggesting  an  extensive  solubilization  of 
culture  protein.  Secondly,  in  some  preliminary  experiments,  a 
comparison  of  levels  of  extractable  protein/plate,  obtained  with 
either  SNU  or  0.1  N  NaOH/O.4%  deoxycholate  (Poole  and  Wibo,  1973) 
indicated  that  the  SNU  buffer  was  considerably  superior.  Thus 
the  average  amount  of  protein  obtained  from  five  plates  (60  mm) 
of  6  day  old  normal  cultures  extracted  with  SNU  was  3.27  +  0.17  mg 
whilst  with  0.1  N  NaOH/O.4%  deoxycholate  the  yield  was  only 
1.37  +  0.10  mg.  (N.B.  protein  concentrations  of  the  0.1  N  NaOH/ 
0.4%  deoxycholate  extracts  were  determined  by  the  Bradford  assay 
as  described  in  Materials  and  Methods  except  that  the  BSA  standards 
were  prepared  in  a  one-tenth  dilution  of  0.1  N  NaOH/O.4%  de¬ 
oxycholate.)  These  results  suggest  that  SNU  is  a  relatively 
efficient  buffer  for  extraction  of  protein  from  the  cultures. 

The  effects  of  the  inhibitors  on  protein  degradation  in  the 
cultures  were  investigated  by  an  isotope  decay  method  as  described 
in  Materials  and  Methods.  Typical  results  obtained  from  a  single 
set  of  cultures  are  shown  in  Figure  8  and  data  from  three  such 
experiments  are  summarized  in  Table  4.  Under  standard  labelling 
conditions  normal  cultures  incorporated  slightly  more  than  1%  of 
the  administered  radioactivity  into  the  TCA  precipitates  of  the 
cell  extracts  (mean  +  S.E.  of  three  separate  experiments  was  1.21 
+  0.13%).  As  can  be  seen  from  Figure  8,  the  semi-logarithmic  plots 
for  normal  control  cultures  indicated  a  complex  non-linear  pattern 
of  decay  suggesting  that  protein  degradation  in  these  cultures  did 
not  conform  to  simple  first  order  kinetics.  The  rate  of  loss  of 
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TABLE  4 

SUMMARY  OF  EFFECTS  OF  PROTEASE  INHIBITORS  ON  PROTEIN  DEGRADATION  IN 

NORMAL  CHICK  EMBRYO  CULTURES 


%  INHIBITION 

AVERAGE  DECAY  RATES 
(CPM/hour) 

24  hr 

72  hr 

0-24  hr 

24-72  hr 

CONTROL 

2085+127 

185+10 

DMSO 

2020+122*3 

179+8*3 

LEUPEPTIN 

(L) 

18.7+1.5 

19.3+1.9 

1695+lllb 

143+8b 

PEPSTATIN 

(P) 

15.9+1.4 

16.9+1.6 

1 754+107b 

144+19*3 

P  &  L 

33 . 4+2 . la 

29 . 9+2 . 0a 

1390+49c 

166+58*3 

Cultures  (lxlOb  cells/60  ram  plate)  were  grown  for  4  days  and  labelled 
with  35s-methionine  (3.6  uCi/60  mm  plate)  between  the  4th  and  5th 
days.  Addition  of  inhibitors  was  initiated  at  the  end  of  the 
labelling  period  (0  hours) .  Samples  were  taken  at  0,  24  and  72 
hours  post-labelling,  analyzed  for  TCA  precipitable  radioactivity 
and  percent  inhibition  and  decay  rates  determined  as  described  in 
Materials  and  Methods.  Values  are  mean  +S.E.  of  3  separate  ex¬ 
periments  . 

a)  significantly  different  from  leupeptin  or  pepstatin 
treatments  at  p  <0.001 

b)  significantly  different  from  control  at  p  <0.05 

c)  significantly  different  from  control  at  p  <0.01 

d)  not  significantly  different  from  control  value  in 
same  column  p  <0.05 
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Figure  8.  Decay  curves  showing  the  effect  of  the  microbial 


protease  inhibitors  on  the  loss  of  radioactivity 
from  TCA  precipitates  of  extractable  protein 
from  cultures  of  normal  chick  embryo  leg  muscle. 
Cultures  (1x10^  cells/60  mm  plate)  were  grown 
for  4  days  and  labelled  with  35g-  methionine 
(3.6  uCi/60  mm  plate)  between  the  4th  and  5th 
day.  The  end  of  the  labelling  period  corre¬ 
sponds  to  0  hours  in  the  figure.  Addition  of 
leupeptin  (50  ug/ml),  pepstatin  (50  ug/ml) 
and  DMSO  (0.5%)  was  initiated  at  0  hours  post¬ 
labelling.  Sample  cultures  were  taken  at  0, 

24,  and  72  hours  post-labelling,  extracted  with 
SNU  and  counts  were  determined  in  the  TCA  pre- 
cipitable  fraction  of  the  extracts,  as  described 
in  Materials  and  Methods.  Values  shown  are  the 
total  TCA  precipitable  radioactivity  per  sample 
and  are  the  mean  +  S.E.  (n=3  or  4).  Using  the 
Students-t-test  inhibitor  treatments  at  24  and 
72  hours  were  shown  to  be  significantly  different 
from  the  controls  and  DMSO  treatments  of  the 
corresponding  time  point  (p  <  0.01).  Controls 
and  DMSO  treatments  were  not  significantly 


different  at  either  times. 


ACTIVITY  PER  SAMPLE  (  cpm  x  10“ 4) 
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radioactivity  from  the  TCA  precipitable  fraction  of  normal  cultures 
decreased  from  2085  cpm/hour  during  the  first  24  hours  post¬ 
labelling  to  185  cpm/hour  during  the  24-72  hour  post-labelling 
interval  (Table  4) .  Almost  identical  results  were  obtained  from 
cultures  grown  in  the  presence  of  0.5%  DMSO.  (DMSO  was  used  in 
these  experiments  to  facilitate  the  uptake  of  inhibitors  in  treated 
cultures  (McGowan  et  al . ,  1976).  The  decay  curves  for  DMSO  treated 
were  very  similar  to  the  controls  as  is  seen  in  the  example  shown 
in  Figure  8.  The  corresponding  rates  of  decay  for  these  curves  were 
2020  cpm/hour,  and  179  cpm/hour  in  the  0-24  hour  and  24-72  hour 
post-labelling  intervals  respectively  (Table  4) .  These  results 
suggested  that  DMSO  at  the  concentration  used,  did  not  significantly 
alter  protein  degradation  in  the  cultures. 

Treatment  of  the  cultures  with  either  leupeptin  (50  ug/ml)  or 
pepstatin  (50  ug/ml)  resulted  in  a  significant  decrease  with  re¬ 
spect  to  controls  in  the  extent  of  loss  of  radioactivity  from  the 
TCA  precipitable  fractions  at  both  24  and  72  hours  post-labelling 
(Figure  8) .  The  degree  of  inhibition  by  leupeptin  at  24  and  72 
hours  post-labelling  was  18.7%  and  19.3%  respectively,  while  the 
corresponding  values  for  pepstatin  were  15.9%  and  16.9%  (Table  4). 
Although  it  appeared  that  leupepin  was  consistently  more  effective 

the  difference  in  degree  of  inhibition  produced  was  not  significantly 
different  from  that  produced  by  pepstatin.  The  effects  of  the  in¬ 
hibitors  were  also  detectable  as  significant  decreases,  with  respect 
to  controls  in  the  rates  of  loss  of  radioactivity  over  the  0-24  hour 
post-labelling  interval  (Table  4).  By  contrast  only  the  rates  of 


radioactivity  from  the  leupeptin  samples  during  the  24-72  hour 
interval  were  significantly  different  from  controls  (Table  4) 
suggesting  that  control  rates  of  degradation  had  been  established 
in  pepstatin  treated  cultures  during  this  interval.  The  presence 
of  the  inhibitors  did  not  alter  the  fact  that  loss  of  radioactivity 
occurred  in  a  complex  non-linear  manner.  When  the  inhibitors  were 
used  in  combination,  (50  ug/ml  each)  a  further  decrease  with 
respect  to  single  inhibitor  treatments,  in  the  extent  of  loss  of 
radioactivity  at  both  24  and  72  hours  post-labelling  was  observed. 

Thus  the  inhibition  at  24  hours  post-labelling  increased  to  33.4% 
and  to  29.9%  at  72  hours  post-labelling  (Table  4).  In  addition  a 
significant  decrease  with  respect  to  controls,  in  the  rate  of  loss 
of  radioactivity  during  the  0-24  post-labelling  interval  was  noted 
in  the  presence  of  both  inhibitors  (Table  4) .  However,  as  observed 
for  the  pepstatin  treatment,  the  rate  of  loss  of  radioactivity  in 
the  presence  of  both  inhibitors  during  the  24-72  hour  post-label¬ 
ling  interval  was  not  significantly  different  from  controls  again 
suggesting  that  establishment  of  control  rates  of  degradation  in 
these  cultures  during  this  interval. 

Parallel  studies  were  conducted  on  cultures  derived  from 
genetically  dystrophic  embryos.  Compared  to  normal  cultures  of 
the  same  age,  dystrophic  cultures,  under  standard  labelling  conditions, 
incorporated  approximately  half  as  much  of  the  administered  radio¬ 
activity  into  TCA  precipitate  of  the  cell  extracts.  (See  0  hour 
values  in  Figure  9) .  Thus  the  mean  value  of  percent  incorporation 
obtained  from  three  separate  experiments  was  0.52+0.04%.  The 
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Figure  9.  Loss  of  radioactivity  from  TCA  precipitates  of 


extractable  cell  protein  from  cultures  of  both 
normal  and  dystrophic  chick  embryo  leg  muscle. 
Decay  curves  shown  are  the  respective  controls 
from  figures  8  and  10  and  were  determined  as 
described  in  the  legends  to  those  figures. 
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semi-logarithmic  plots  of  loss  of  TCA  precipitable  radioactivity 
from  extracts  of  dystrophic  controls  revealed  a  complex  non¬ 
linear  pattern  of  decay  similar  to  that  seen  for  normal  controls 
(Figure  9) .  However  the  rates  of  loss  of  TCA  precipitable  radio¬ 
activity  during  the  0-24  hour  post-labelling  interval  were 
significantly  lower  (p  <0.01)  in  dystrophic  controls  than  in 
normal  controls  (Tables  4  and  5) ,  suggesting  that  protein  degrada¬ 
tion  was  slower  in  dystrophic  control  cultures  at  this  stage.  Con¬ 
versely  the  rate  of  decay  during  the  24-72  hour  interval  was 
higher  (p  <0.05)  in  these  cultures.  Dystrophic  cultures  grown 
in  the  presence  of  0.5%  DMSO  did  not  differ  from  dystrophic  con¬ 
trols,  suggesting  that  DMSO  did  not  alter  protein  degradation  in 
these  cultures  (Table  5,  Figure  10) . 

The  presence  of  leupeptin  (50  ug/ml)  or  pepstatin  (50  ug/ml) 
in  the  dystrophic  cultures  resulted  in  a  decrease  with  respect  to 
the  dystrophic  controls,  in  the  extent  of  loss  of  radioactivity 
from  the  TCA  precipitable  fraction  at  both  24  and  72  hours  post¬ 
labelling,  indicating  that  protein  degradation  had  been  inhibited 
in  these  cultures  (Table  5,  Figure  10).  As  was  found  in  the 
normal  cultures,  leupeptin  appeared  to  be  slightly  more  effective 
than  pepstatin,  but  again  the  difference  was  not  significant.  The 
degree  of  inhibition  produced  by  either  inhibitor  at  24  hours  post¬ 
labelling  was  similar  in  both  normal  and  dystrophic  cultures.  How¬ 
ever,  at  72  hours  post-labelling  the  inhibition  produced  in 
dystrophic  cultures  was  significantly  lower  (p  <0.01)  than  that 
observed  in  normal  cultures.  With  respect  to  the  rates  of  loss  of 
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TABLE  5 


SUMMARY  OF  EFFECTS  OF  PROTEASE  INHIBITORS  ON  PROTEIN  DEGRADATION  IN 

DYSTROPHIC  CHICK  EMBRYO  CULTURES 


%  INHIBITION  AVERAGE  DECAY  RATES 

(CPM/hour) 


24  hr 

72  hr 

0-24  hr 

24-72  hr 

CONTROL 

1253+106 

252+22 

DMSO 

1219+134° 

244+1 5C 

LEUPEPTIN 

(L) 

16.1+1.6 

12.1+1.6 

1052+100b 

247+25c 

PEPSTATIN 

(P) 

14 .0+1.9 

10.0+1.4 

1078+98b 

252+35° 

P  &  L 

21 . 6+1 . 6a 

13.7+1.7 

981+71b 

259+32° 

Cultures  (1x10  cells/60  mm  plate)  were  grown  for  4  days  and  labelled 
with  35g_met]-i;L0n:Lne  (3.6  uCi/60  mm  plate)  between  the  4th  and  5th 
days.  Addition  of  inhibitors  (50  ug/ml)  and  DMSO  (0.5%)  was 
initiated  at  the  end  of  the  labelling  period  (0  hours) .  Samples  were 
taken  at  0,  24  and  72  hours  post-labelling,  analyzed  for  TCA 
precipitable  radioactivity,  and  percent  inhibition  and  average  decay 
rates  determined  as  described  in  Materials  and  Methods .  Values  are 
mean  +S.E.  of  3  separate  experiments. 

a)  significantly  different  from  leupeptin  or  pepstatin 
treatment  at  p  <0.01 

b)  significantly  different  from  control  at  p  <0.05 

c)  not  significantly  different  from  control  value  in 
same  column  p  <0.05. 
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Figure  10.  Decay  curves  showing  the  effect  of  the  microbial 


protease  inhibitors  on  the  loss  of  radioactivity 
from  TCA  precipitates  of  extractable  protein  from 
cultures  of  dystrophic  chick  embryo  leg  muscle. 
Cultures  (1x10^  cells/60mm  plate)  were  grown  for 
4  days  and  labelled  with  35s-methionine  (3.6 
uCi/60  mm  plate)  between  the  4th  and  5th  days. 

The  end  of  the  labelling  period  corresponds  to 
0  hours  in  the  figure.  Addition  of  leupeptin 
(50  ug/lm),  pepstatin  (50  ug/ml),  and  DMSO 
(0.5%)  was  initiated  at  0  hours  post-labelling. 
Sample  cultures  were  taken  at  0,  24  and  72 
hours  post-labelling,  extracted  with  SNU  and 
counts  were  determined  in  the  TCA  precipitable 
fraction  of  the  extracts,  as  described  in 
Materials  and  Methods.  Values  shown  are  the 
total  TCA  precipitable  radioactivity  per  sample 
and  are  the  mean  +  S.E.  (n=3  or  4).  Using  the 
Students-t-test  inhibitor  treatments  at  24  and  72 
hours  were  shown  to  be  significantly  different 
from  the  controls  and  DMSO  treatments  of  the 
corresponding  time  point  (p  <0.01).  Controls  and 
DMSO  treatments  were  not  significantly  different 


at  either  time. 
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radioactivity,  there  was  a  significant  inhibition  with  respect  to 
the  dystrophic  controls,  in  the  rate  of  loss  of  radioactivity 
between  0-24  hours  post-labelling,  but  not  during  the  24-72  hour 
post-labelling  interval  (Table  5) .  Treatment  of  dystrophic  cultures 
with  both  inhibitors  simultaneously  (50  ug/ml  each),  resulted  in  an 
increase  in  the  degree  of  inhibition  at  24  and  72  hour  post-label¬ 
ling  (Table  5)  but  this  increase  was  considerably  smaller  than  that 
produced  by  both  inhibitors  in  the  normal  cultures  (Table  4) .  The 
combined  use  of  the  inhibitors  also  produced  a  significant  decrease 
in  the  rate  of  loss  of  radioactivity  between  0-24  hours  post-label¬ 
ling,  but  not  between  24-72  hours  post-labelling.  In  this  respect, 
the  combined  use  of  the  inhibitors  did  not  differ  from  that  found 
when  each  inhibitor  was  used  on  its  own. 

In  order  to  determine  if  the  inhibitors  had  any  effect  on  the 
amount  of  protein  in  the  cultures  and  if  normal  and  dystrophic 
cultures  differed  in  this  respect,  levels  of  extractable  protein 
were  assayed.  Table  6  shows  data  obtained  from  three  separate 
experiments  on  normal  cultures.  During  the  first  24  hour  post-label¬ 
ling,  the  level  of  extractable  protein  increased  in  control  and 
treated  cultures  by  similar  amounts,  indicating  that  the  inhibitors 
did  not  influence  protein  accumulation.  The  increase  was  followed 
by  a  decline  back  to  approximately  the  0  hour  levels,  and  again  no 
significant  differences  between  controls  and  treatments  were  found. 
Corresponding  data  for  dystrophic  cultures  are  shown  in  Table  7.  As 
can  be  seen  the  level  of  extractable  protein  at  0  (p  <0.01)  and 
24  hours  (p  <0.05)  post-labelling  was  significantly  less  than  normal 
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TABLE  6 


EFFECTS  OF  PROTEASE  INHIBITORS  ON  YIELDS  OF  EXTRACTABLE  CELL  PROTEIN 
(mg/ 60mm  plate)  IN  NORMAL  CHICK  EMBRYO  CULTURES 


0  hours 

24  hours 

72  hours 

CONTROL 

2 . 54+0 . 13a 

3.18+0.13 

2 . 51+0 . lla 

DMSO 

3. 09+0. 14b 

2 . 55+0 . 14b 

LEUPEPTIN 

(L) 

3.06+0 . 10b 

2 . 39+0 . 09b 

PEPSTATIN 

(P) 

3 . 23+0. llb 

2 . 60+0 . 1 2b 

P  &  L 

3.24+0.12b 

2 . 48+0 . 13b 

Cultures  (lxlOb  cells/60  mm  plate)  were  grown  for  5  days  with  one 
change  of  medium  on  day  4.  Addition  of  inhibitors  (50  ug/ml)  and 
DMSO  (0.5%)  was  initiated  on  day  5  (0  hours)  and  maintained  through 
day  8  (72  hours).  Samples  were  taken  at  0,  24  and  72  hours  after 
addition  of  inhibitors,  extracted  with  SNU  (2ml)  and  analyzed  for 
protein  content  as  described  in  Materials  and  Methods.  Values  are 
mean  +S.E.  of  three  separate  experiments. 

a)  significantly  different  from  24  hour  control  at  p  <0.05. 

b)  not  significantly  different  from  control  value  in  same 
column  p  <0.05. 
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TABLE  7 


EFFECTS  OF  PROTEASE  INHIBITORS  ON  YIELDS  OF  EXTRACTABLE  CELL  PROTEIN 
(mg/ 60mm  plate)  IN  DYSTROPHIC  CHICK  EMBRYO  CULTURES 


0  hours 

24  hours 

72  hours 

CONTROL 

1.42+0. 09a 

2.33+0.08 

2.39+0.07 

DMSO 

2 . 28+0 . 06b 

2 .41+0 . llb 

LEUPEPTIN  (L) 

2 . 2  3+0 . 1 3b 

2.46+0.10b 

PEPSTATIN  (P) 

2 . 36+0 . 14b 

2 . 34+0 . 14b 

P  &  L 

2 .27+0 . 09b 

2 . 29+0 . 09b 

Cultures  (lxlOb  cells/60mm  plate)  were  grown  for  5  days  with  one 
change  of  medium  on  day  4.  Addition  of  inhibitors  (50  ug/ml)  and 
DMSO  (0.5%)  was  initiated  on  day  5  (0  hours)  and  maintained  through 
day  8  (72  hours).  Samples  were  taken  at  0,  24  and  72  hours  after 
addition  of  inhibitors,  extracted  with  SNU  (2ml)  and  analyzed  for 
protein  content  as  described  in  Materials  and  Methods.  Values  are 
mean  +S.E.  of  three  separate  experiments. 

a)  significantly  different  from  24  hour  control  at  p  <0.01. 

b)  not  significantly  different  from  control  value  in  same 
column  p  <0.05. 
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cultures,  but  similar  at  72  hours  post-labelling.  An  increase 
during  the  first  24  hours  was  also  seen,  but  in  contrast  to  the 
situation  in  normal  cultures  the  levels  of  extractable  protein  at 
72  hours  post-labelling,  were  similar  to  those  at  24  hour  post¬ 
labelling.  In  addition  the  inhibitors  did  not  influence  either 
the  level  of  extractable  proteins  or  the  pattern  of  changes  during 
the  experimental  period.  Thus  in  spite  of  the  fact  that  the 
inhibitors  appeared  to  block  protein  degradation  there  was  no 
evidence  to  suggest  that  this  was  accompanied  by  changes  in  the 
accumulation  of  protein  in  the  cultures.  One  possible  explanation 
for  the  failure  to  detect  differences  in  the  amount  of  protein  is 
that  protein  synthesis  may  also  have  been  influenced,  either 
directly  or  indirectly  by  the  inhibitors  (Gunn,  1978) .  Experiments 
were  therefore  conducted  to  determine  whether  or  not  the  inhibitors 
influenced  protein  synthesis  in  the  cultures.  In  order  to  do  this 
the  extent  of  incorporation  of  radioactivity  into  the  TCA  precip- 
itable  fraction  of  the  cell  extracts  from  cultures  pre-incubated 
with  inhibitors  (50  ug/ml)  was  estimated  (see  Materials  and  Methods 
for  details) .  Table  8  shows  combined  data  from  three  separate 
experiments.  No  significant  differences  in  the  extent  of  incorpora¬ 
tion  were  found  under  any  of  the  conditions  tested  suggesting  that 
the  presence  of  the  inhibitors  did  not  influence  protein  synthesis 
during  the  interval  studied.  Table  9  shows  the  combined  data  from 
two  similar  experiments  conducted  on  cultures  prepared  from 
dystrophic  embryos.  A  significantly  (p  <0.01)  lower  level  of 
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TABLE  8 


EFFECT  OF  PROTEASE  INHIBITORS  ON  INCORPORATION  OF  35S-METHIONINE 
IN  NORMAL  CULTURES  OF  CHICK  EMBRYOS 


cpm/ sample 

CONTROL 

28576+1479 

DMSO 

27727+627  NS 

LEUPEPTIN 

(L) 

26517+941  NS 

PEPSTATIN 

(P) 

26950+1250  NS 

P  +  L 

27124+581  NS 

Cultures  (1x10^  cells/60  mm  plate)  were  grown  for  4  days  at  which 
time  the  media  was  changed  and  addition  of  inhibitors  (50  ug/ml) 
and  DMSO  (0.5%)  initiated.  On  day  5,  the  media  was  changed  again 
and  the  cells  labelled  with  33S-methionine  for  12  hours.  Cultures 
were  then  extracted  with  SNU  and  analyzed  for  TCA  precipitable 
radioactivity  as  described  in  Materials  and  Methods.  Values  are 
mean  +S.E.  Qf  three  separate  experiments. 

N.S.  =  not  significantly  different  from  control  p  <0.05. 
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TABLE  9 


EFFECT  OF  PROTEASE  INHIBITORS  ON  INCORPORATION  OF  35S-METHIONINE 

IN  DYSTROPHIC  CHICK  EMBRYO  CULTURES 


cpm/ sample 


CONTROL 

12959+1017 

DMSO 

13275+498 

NS 

LEUPEPTIN 

(L) 

11892+668 

NS 

PEPSTATIN 

(P) 

11308+908 

NS 

P  +  L 

13292+565 

NS 

Cultures  (1x10^  cells/60  mm  plate)  were  grown  for  4  days  at  which 
time  the  media  was  changed  and  addition  of  inhibitors  (50  ug/ml) 
and  DMSO  (0.5%)  initiated.  On  day  5,  the  media  was  changed  again 
and  the  cells  labelled  with  35g_methionine  for  12  hours.  Cultures 
were  then  extracted  with  SNU  and  analyzed  for  TCA  precipitable 
radioactivity  as  described  in  Materials  and  Methods.  Values  are 
mean+S.E.  for  three  separate  experiments. 

N.S.  =  not  significantly  different  from  control  p  <0.05. 
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incorporation  compared  to  normal  cultures  was  noted  in  these 
experiments.  However,  similar  to  normal  cultures,  no  significant 
differences  in  the  extent  of  incorporation  was  found  under  any  of 
the  conditions  tested,  suggesting  that  the  inhibitors  did  not 
effect  protein  synthesis  in  these  cultures. 

Since  the  combined  use  of  the  inhibitors  had  given  rise  to 
increased  levels  of  inhibition  in  the  normal  cultures  at  both  24 
and  72  hours  post-labelling,  and  in  the  dystrophic  cultures  at  24 
hours  post-labelling,  the  relationship  between  inhibitor  concentra¬ 
tion  and  the  degree  of  inhibition  produced  was  investigated 
(Figure  11) .  Inhibition,  by  both  leupeptin  and  pepstatin  increased 
sharply  to  maximum  values  of  22.4 %  and  19.0%,  at  a  concentration 
of  25  ug/ml.  At  higher  concentrations  (50  and  100  ug/ml)  there 
was  a  slight  decline  in  the  level  of  inhibition  to  18.0-20.0%  for 
leupeptin  and  15.0-17.0%  for  pepstatin.  However,  these  levels  of 
inhibition  were  not  significantly  different  from  those  obtained  at 
25  ug/ml.  It  therefore  appeared  that  a  plateau  of  inhibitory 
activity  was  achieved  in  the  25-100  ug/ml  region. 

C .  Procedure  for  Isolation  of  Myofibrils  from  Primary 
Cultures  of  Skeletal  Muscle 

In  the  previous  section,  the  effects  of  the  protease  inhibitors 
on  several  aspects  of  "extractable  protein"  metabolism,  in  normal 
and  dystrophic  cultures  were  described.  Since  part  of  the  cellular 
material  in  these  cultures  is  non-myogenic ,  the  results  obtained 
during  these  studies  must  necessarily  reflect  a  contribution  from 
this  source,  and  to  some  extent  obscure  the  behavior  of  the  specific 
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Figure  11.  Relationship  between  microbial  protease  inhibitor 
concentration  and  inhibition  of  protein  degrada¬ 
tion  in  cultures  of  normal  chick  embryo  leg  muscle. 
Cultures  (1x10^  cells/60  mm  plate)  were  grown 
for  4  days  and  labelled  with  S-methionine 
between  the  4th  and  5th  day.  Addition  of 
leupeptin,  and  pepstatin  (both  in  the  presence 
of  0.5%  DMSO)  at  the  concentrations  indicated  in 
the  figure  were  initiated  immediately  after  label¬ 
ling.  Sample  cultures  were  taken  at  0  and  24  hours 
post-labelling,  extracted  with  SNU  and  counts 
determined  in  the  TCA  precipitable  fraction  of  the 
extracts,  as  described  in  Materials  and  Methods. 
Percentage  inhibition  was  obtained  by  subtracting 
control  counts  at  24  hours  from  treatment  counts 
at  24  hours  and  expressing  the  difference  as  a 
percentage  of  the  difference  between  the  24  hour 
control  and  0  hour,  counts.  Values  are  mean  +S.E. 
of  one  experiment.  For  a  given  inhibitor,  treat¬ 
ment  at  10  ug/ml  produced  significantly  lower 
inhibition  than  at  25  ug/ml  (p  <0.05). 

No  other  significant  differences  were  noted. 
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muscle  proteins.  It  was  therefore  decided  to  examine  more 
specifically  effects  of  the  inhibitors  on  the  muscle  tissue  pro¬ 
teins  by  studying  the  contractile  apparatus.  As  before,  normal 
and  dystrophic  cultures  were  also  compared  in  this  respect.  In 
order  to  do  this  a  reliable  procedure  for  the  isolation  of  myo¬ 
fibrils  from  the  cultures  was  developed.  During  development  of 
the  procedure,  only  cultures  exhibiting  clearly  cross-striated 
myotubes  and  spontaneous  contractions  (^8  or  9  days  old) ,  were 
used,  although  the  method  was  subsequently  tested  on  less  developed 
cultures . 

Initial  attempts  to  isolate  myofibrils  using  published  pro¬ 
cedures  (La  Grange  and  Low,  1976;  Bester  and  Gevers,  1975;  Allefi 
et  al . ,  1978)  were  unsuccessful  as  judged  by  phase  contrast  micro¬ 
scopy  and  sodium-dodecyl-sulphate  polyacrylamide  gel  electro¬ 
phoresis  (SDS-PAGE) .  In  these  cases  the  "myofibrillar"  pellet 
when  viewed  by  phase  contrast  microscopy,  characteristically 
appeared  as  large  clumps  of  granular  material,  lacking  recognizable 
structural  features,  such  as  distinct  cross-striations  (Figure  12). 
Attempts  to  analyze  such  preparations  by  SDS-PAGE  resulted  in 
samples  which  did  not  completely  dissolve  in  detergent  and  gels 
which  exhibited  streaking  rather  than  distinct  band  formation.  It 
was  not  clear  from  these  results  whether  the  myofibrillar  material 
was  being  lost  during  isolation  procedures  and  therefore  not  present 
in  the  final  pellet  or  whether  it  was  present  in  a  grossly  distorted 
unrecognizable  form  and  unresolved  from  other  contaminating 


Figure  12.  Myofibrillar  pellet  obtained  from  cultures  of  normal 
chick  embryo  leg  muscle  by  the  method  of  Allen  e_t  al . 
(1978).  Cultures  (3x10^  cells/90  mm  plate)  were 
established  as  described  in  Materials  and  Methods 
and  grown  for  8  days  with  changes  of  media  on  days 
4  and  6.  Myofibrils  were  then  isolated  by  the 
method  of  Allen  et_  _al.  (1978)  and  the  resulting 
pellet  photographed. 


Calibration  bar  50  um. 
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Figure  13.  Myofibrillar  pellet  from  cultures  of  normal 
chick  embryo  leg  muscle  after  treatment  with 
crude  collagenase.  Cultures  (3x10^  cells/90 
mm  plate)  were  established  as  described  in 
Materials  and  Methods  and  grown  for  8  days 
with  changes  of  media  on  days  4  and  6. 
Myofibrils  were  then  isolated  by  the  method 
of  Allen  e_t  ad.  (1978)  treated  with  crude 
collagenase  (0.01%  Hanks  balanced  salts,  30 
min.,  25°C)  and  photographed. 


Calibration  bar  50  um 
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materials,  eg.  nuclei,  connective  tissue.  The  presence  of 
contamination  such  as  nuclei  could  interfere  with  the  protein/ 
detergent  interaction  and  solubilization  (Paterson  and  Strohman, 
1972)  and  possibly  lead  to  the  failure  to  obtain  adequately  re¬ 
solved  bands  on  the  gels.  In  a  study  of  myofibril  isolation  from 
small  muscles  in  the  hind  limb  of  the  rat,  Kohn  (1968)  reported 
a  disorganized  granular  appearance  in  his  preparation,  which  he 
attributed  to  collagen  contamination.  Brief  incubation  with  a 
crude  collagenase  removed  the  granularity  and  resulted  in  a  prepa¬ 
ration  of  clearly  cross-striated  single  myofibrils.  Treatment 
with  collagenase  for  up  to  30  minutes,  did  not  significantly  alter 
the  appearance  of  the  granular  material  derived  from  the  cultures 
(Figure  13) ,  nor  did  it  result  in  improvements  with  respect  to 
SDS  solubilization  or  electrophoresis.  In  view  of  the  ultimate 
objectives  of  this  study,  more  vigorous  proteolytic  digestions, 
with  for  example  trypsin,  were  considered  unsuitable  as  means  of 
purification.  As  already  mentioned,  contamination  by  nuclear 
material  could  conceivably  account  for  some  of  the  problems  en¬ 
countered.  Consequently  incubation  of  the  granular  pellet  with 
DNAase  for  periods  up  to  30  minutes  was  tested,  but  as  with 
collagenase,  no  significant  improvements  were  noted  (Figure  14). 

In  the  isolation  of  myofibrils  from  adult  skeletal  muscle 
Zak  et  al.,  (1972)  stressed  the  importance  of  relaxation  of  the 
tissue  (a  Ca++  chelator,  usually  EGTA  was  used),  prior  to  disrup¬ 
tion.  This  resulted  in  a  softening  of  the  tissue,  allowing  for 
milder  homogenization  and  subsequent  easier  separation  of  the 


Figure  14.  Myofibrillar  pellet  from  cultures  of  normal 
chick  embryo  leg  muscle  after  treatment  with 
DNAase  (0.005%  in  Hanks  balanced  salt,  25°C) . 
Cultures  (3x10°  cells/90  mm  plate)  were  es¬ 
tablished  as  described  in  Materials  and 
Methods  and  grown  for  8  days  with  changes 
in  media  on  days  4  and  6.  Myofibrils  were 
then  isolated  by  the  method  of  Allen  et_  al . , 
(1978)  and  treated  with  DNAase. 


Calibration  bar  50  um . 
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myofibrils  from  contaminants.  In  some  of  the  quoted  procedures 
Bester  and  Gevers,  1975;  Allen  et  al.,  1978)  similar  steps  had 
been  included  but  in  contrast  to  the  situation  in  the  adult  muscle, 
did  not  facilitate  isolation  of  the  myofibrils.  This  seemed  to 
suggest  that  relaxation  of  the  cultured  muscle  was  not  a  critical 
factor  in  preventing  loss  of  structural  features  and  isolation  of 
myofibrils  from  cultured  muscle.  However  microscopic  examination 
indicated  that  loss  of  the  cross-striations ,  readily  visible 
in  the  original  cultures,  occurred  at  about  the  same  stage  as  the 
development  of  the  granular  appearance,  and  that  this  transformation 
occurred  early  in  the  procedure,  possibly  during  the  initial 
scraping  of  the  cells  from  the  plates.  These  observations  led  to 
the  consideration  that  the  cross-striated  myotubes,  while  attached 
to  the  culture  dish,  were  prevented  from  shortening  irreversibly, 
but  during  scraping,  even  in  the  presence  of  a  relaxing  medium, 
the  physical  restraining  force  opposing  shortening,  is  removed  and 
the  myotubes  spontaneously  undergo  extensive  irreversible  super¬ 
contracture.  Such  supercontracted  cells  would  be  expected  to  lose 
their  normal  structural  organization  and  entrap  other  materials, 
precluding  the  possibility  of  obtaining  a  reasonably  pure  and 
structurally  intact  preparation  of  myofibrils.  It  was  therefore 
decided  to  induce  prolonged  relaxation  of  the  muscle  prior  to 
detachment  in  an  attempt  to  circumvent  this  occurrence.  According¬ 
ly  cultures  were  washed  in  the  relaxing  medium  (see  page  134)  for 
up  to  10  minutes  prior  to  detachment  and  subsequent  processing. 
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Figure  15.  Myofibrillar  pellet  from  cultures  of  normal 

chick  embryo  leg  muscle  treated  with  relaxing 
medium.  Cultures  (3x10  cells/90  mm  plate)  were 
established  as  described  in  Materials  and  Methods 
and  grown  for  8  days  with  changes  of  media  on 
days  4  and  6.  Medium  was  then  decanted  and 
cultures  treated  with  a  relaxing  medium  (5.0  mM 
KC1,  2.0  mM  EDTA,  10  mM  Tris-HCl  pH  7.6)  for 
10  min  at  C-4°C.  Myofibrils  were  then  isolated 
by  the  method  of  Allen  et  al.,  (1978)  and  the 
resulting  pellet  photographed. 


Calibration  bar  50um. 


The  final  "myofibrillar"  pellet  obtained  in  these  experiments 
(Figure  15)  showed  considerable  improvement  over  previous  pro¬ 
cedures,  with  respect  to  microscopic  appearance.  As  can  be  seen 
some  cross-striated  material  is  present  although  contamination  with 
granular  and  other  unidentified  material  is  also  evident.  Attempts 
to  solubilize  with  detergent  and  perform  electrophoresis  with 
these  samples  were  however  still  unsuccessful. 

In  spite  of  this,  the  results  of  these  experiments  did  tend 
to  support  the  idea  that  extensive  shortening  of  the  myotubes 
during  detachment  was  a  source  of  difficulty  in  myofibril  isolation. 

A  protocol  was  therefore  devised  which  attempted  to  prevent 
shortening  during  detachment  by  fixing  the  myofibrils  in  a  state 
of  "rigor"  (Figure  16).  (N.B.  In  this  context,  the  term  "rigor" 

is  not  used  in  the  strict  sense  of  the  condition  occurring  in 
post-mortem  muscle,  but  is  simply  meant  to  imply  a  state  in  which 
shortening  is  prevented.) 

Cross-striated  myotubes,  while  still  attached  to  the  plate 
(substratum)  were  exposed  to  a  low  potassium  (5.0  mM  KC1)  buffer  con¬ 
taining  the  calcium  chelator  enthylenediamine  tetracetic  acid 
(EDTA  2.0  mM) .  Within  about  one  minute  of  exposure  to  this  buffer, 
spherical  swellings,  which  increased  in  size  with  time,  appeared 
along  the  surface  of  the  myotubes,  (Figure  17a).  The  nature  of 
these  swellings  was  not  established  but  they  are  strikingly  similar 
to  a  phenomenon  known  as  blebbing  or  potocytosis  (Zollinger,  1948), 
which  is  apparently  related  to  fluctuating  divalent  cation  concen- 
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MUSCLE  CULTURES  EXHIBITING 
CROSS  STRIATIONS  AND  CONTRACTIONS 


V 

RELAXATION 

(5 .  OmM  KC1 ,  2xnM  EDTA,  lOmM  Tris-HCl,  pH  7.6) 

I 

RIGOR  INDUCTION 

(0.1MKC1,  1%  Triton-X-100,  2mM  EDTA,  )0.5mM  DTT,  lOmM  Tris-HCl  pH  7 . 2) 

Y 

DETACHMENT 


(0.01%  collagenase,  0.005%  DNAse,  in  BSS) 

1 

HOMOGENIZATION 


(passage  rigor  pellet  4  or  5  times  through 
22-gauge  needle,  in  rigor  buffer) 


Y 


WASHING 


1.  Aspirate  top  two  thirds  of  homogenate. 

2.  Spin  1500xg,  10  mins. 

3.  Wash  (x3)  in  rigor  buffer) 

4.  Wash  in  rigor  buffer  plus  0.02%  DOC. 

5.  Pellet  and  dissolve  in  SDS-urea. 


Fig.  16.  Flow  diagram  of  the  principle  steps  in  myofibril 


isolation  procedure. 


trations  in  the  cytoplasm  resulting  from  loss  of  membrane 
selectivity  (Dornfeld  and  Owczarzah,  1958)  .  In  addition  to  these 
changes  the  myotubes  became  less  clearly  striated  and  had  a 
slightly  grainy  appearance.  It  was  also  noted  that  many  of  the 
mononucleated  cells  which  occupied  interstices  between  the  myo¬ 
tubes,  became  spherical  and  detached.  Gentle  agitation  of  the 
plate  at  this  stage  assisted  in  dislodging  the  mononucleated  cells. 
However,  prolonged  exposure  to  the  relaxing  buffer  coupled  with 
agitation  resulted  in  detachment  of  myotubes  also. 

Several  possibilities  were  considered  as  means  of  inducing 
a  "rigor"  state,  but  it  was  found  that  the  use  of  buffer  (RIB) 
containing  the  non- ionic  detergent  Triton- X-100  (2%)  was  most 
effective.  Treatment  of  attached  myotubes  with  RIB  resulted  in  a 
very  rapid  loss  of  the  bleb  structures  and  graininess,  and  the 
appearance  of  very  distinct  cross-striations  and  chains  of 
associated  nuclei.  The  cross-striations  were  evident  throughout 
the  length  of  the  individual  myotubes  and  were  clearly  exhibited 
by  the  vast  majority  of  myotubes  in  the  culture.'  During  the  re¬ 
laxation  phase  some  of  the  myotubes  had  become  detached  at  one  end 
and  on  addition  of  the  RIB  these  cells  could  be  seen  to  change  from 
an  apparently  twisted  and  flexible  state  to  a  very  straight  and 
rigid  one.  Somewhat  surprisingly  there  was  no  indication  that 
detergent  treatment  caused  any  loosening  or  detachment  of  the  myo¬ 
tubes.  The  overall  impression  from  microscopic  examination  at  this 
stage  was  that  the  "rigor"  state  had  been  successfully  induced 


. 


Figure  17.  Stages  in  the  preparation  of  myofibrils  by  standard 
procedures  from  cultures  of  normal  chick  leg  muscle. 
Cultures  (3x10^  cells/90  mm  plate)  were  established 
as  described  in  Materials  and  Methods  and  grown  for 
8  days  with  changes  of  media  on  days  4  and  6. 
Myofibrils  were  then  prepared  as  described  in 
Materials  and  Methods. 

a)  8  day-old  culture  of  normal  chick  embryo  leg 
muscle  treated  with  relaxing  medium  (5.0  mM  KC1, 

2.0  mM  EDTA,  10  mM  Tris-HCl  pH  7.6)  for  2  minutes 
at  25°C.  Double  arrow  indicates  "blebbing"  along 
myotube  surface.  Single  arrow  indicates  fibroblast. 
Calibration  bar  50  um. 

b)  Same  field  as  above  treated  with  RIB  (2%  Triton 
X-100,  2.0  mM  EDTA,  0.1  M  KC1,  0.5  mM  DTT ,  10  mM 
Tris-HCl  pH  7.2)  1  minute  at  0°C.  Arrow  indicates 
region  of  cross  striations.  Calibration  bar  50  um. 

c)  Myofibrillar  pellet  obtained  from  above  cultures 
after  detachment  with  collagenase-DNAase  and  homo¬ 
genization.  NB,  the  short  myofibrillar  fragments 
and  single  sarcomeres.  Calibration  bar  10  um. 
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without  serious  disruption  of  the  general  intracellular 
organization  and  particularly  the  contractile  apparatus  (Figure 
17b)  . 

Attempts  to  detach  the  rigor  state  cells  by  scraping  with  a 
rubber  policeman  tended  to  result  in  clumping  of  the  material  and 
generally  a  loss  of  the  clearly  striated  appearance.  A  milder 
method  of  detachment  by  brief  exposure  to  a  collagenase/DNAase 
mixture  was  therefore  tested  and  found  to  be  a  considerable 
improvement.  The  detached  material  after  pelleting  at  low  speed 
was  homogenized  by  several  different  procedures.  Disruption  by 
vortex  as  used  by  Allen  et  al .,  (1978),  resulted  in  suspensions 
containing  large  clusters  of  myofibrillar  material,  often  associat¬ 
ed  with  nuclei.  On  the  other  hand  the  use  of  a  tight  fitting  hand 
held  glass  homogenizer  resulted  in  almost  complete  disappearance  of 
striated  material  from  the  suspension.  The  method  found  to  be  most 
successful  was  to  pass  the  suspension  slowly  through  a  cannula  (22- 
gauge,  3")  several  times.  This  procedure  worked  best  if  the  pellet 
was  first  resuspended  in  a  relatively  large  volume  of  RIB  (2.0  ml) 
using  a  vortex  for  a  few  seconds.  If  the  pellet  was  resuspended 
in  smaller  volumes  of  RIB  eg.  0.5  ml.,  homogenization  resulted  in 
a  variable  amount  of  clumping  and  loss  of  cross-striations .  An 
example  of  the  final  myofibrillar  pellet  is  shown  in  Figure  17c. 

The  preparation  is  essentially  free  of  nuclear  contamination  and  is 
composed  of  short  strands  of  distinctly  cross-striated  myofibrils. 
It  was  consistently  noted  that  many  of  the  myofibril  fragments  were 

either  single  sarcomeres  or  only  a  few  sarcomeres  in  length. 


Such  samples  were  found  to  be  readily  soluble  in  SDS  and 
electrophoresis  (Figure  18)  resulted  in  gels  exhibiting  a  number 
of  well  resolved  bands.  Both  the  pattern  of  banding  and  the 
relative  distribution  of  bands  was  found  to  be  reproducible. 

Estimates  of  molecular  weights  were  obtained  by  comparison 
of  the  relative  mobility  of  the  individual  components  with  the 
calibration  curve  (Figure  19)  constructed  from  standard  proteins 
of  known  molecular  weights.  On  the  basis  of  these  determinations, 
tentative  identification  of  several  bands  was  made  (Figure  18, 

Table  10) . 

A  number  of  unidentified  very  high  molecular  weight  proteins 
(bands  1-5)  were  clearly  resolved  at  the  top  of  the  gels.  The 
most  prominent  band  (#4)  among  this  group  exhibited  a  molecular 
weight  of  305,000  daltons,  with  a  second  less  prominent  band  (#5) 
at  255,000  daltons.  Running  below  this  was  a  major  component 
(band  6)  at  200,000  daltons  which  was  believed  to  be  myosin  heavy 
chain  (MHC) .  Immediately  below  MHC  was  a  very  faint  band  (#7)  with 
a  molecular  weight  of  180,000  daltons,  which  may  have  corresponded 
to  one  of  the  M-line  proteins  (Porzio  and  Pearson,  1977)  .  .  Another 
prominent  but  diffuse  band  (#8),  possibly  C-protein  was  noted  at 
140,000  daltons.  Two  relatively  minor  bands  (#9,10)  with  molecular 
weights  of  105,000  daltons  and  90,000  daltons  could  also  be  seen. 
The  heavier  of  these  two  bands  may  have  been  a-actinin.  The  region 
of  the  gel  between  these  high  molecular  weight  components  and  actin 
(band  12,  48,000  daltons)  was  clear  with  the  exception  of  a  narrow 
band  (#11)  at  65,000  which  may  have  corresponded  to  tropomyosin 
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Figure  18.  SDS-PAGE  of  standard  myofibrillar  pellet  obtained 
from  cultures  of  normal  chick  embryo  leg  muscle. 
Cultures  (3x10^  cells/90  mm  plate)  were  established 
as  described  in  Materials  and  Methods  and  grown  for 
8  days  with  changes  of  media  on  days  4  and  6.  Myo¬ 
fibrils  were  then  isolated  by  the  standard  procedure 
and  analyzed  by  SDS-PAGE  as  described  in  Materials 


and  Methods. 


1  Unidentified 

2  ii  _ 

3  H  _ 

4  305  K  — 

5  Unidentified 
6MHC 


7M-line  protein 
8  C-  protein - 

9oc-Actinin  - 

lOUnidentif  ied 


11 


ii 


12  Actin  — 

13  Troponin-T 

14  Tropomyosin — 

15  Light  Chain  -  1- 

16  Light  Chain-  2 


1 7  Unident  i  fi  ed 
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Figure  19. 


Calibration  curve  for  SDS-PAGE.  Standard  protein 
mixture  was  obtained  from  Pharmacia  Fine  Chemicals. 


MOLECULAR  WEIGHT  x  10“ 
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RELATIVE  MOBILITY 


TABLE  10 


COMPOSITION  OF  MYOFIBRILS  DERIVED  FROM  CULTURES  OF  NORMAL  CHICK 

EMBRYO  SKELETAL  MUSCLE 


BAND 

PROTEIN* 

MOLECULAR  WT . 
(Daltons) 

1 

Unidentified 

<500,000 

2 

ft 

465,000 

3 

II 

360,000 

4 

II 

305,000 

5 

II 

255,000 

6 

Myosin  Heavy  Chain  (MHC) 

200,000 

7 

M-Line  Protein 

180,000 

8 

C-Protein 

140,000 

9 

a-Actinin 

105,000 

10 

Unidentified 

90,000 

11 

Tropomyosin  Dimer 

65,000 

12 

Ac  tin 

48,000 

13 

Troponin-T 

37,000 

14 

Tropomyosin 

35,000 

15 

Light  Chain  I  (LC-^) 

26,000 

16 

Light  Chain  II  (LC2) 

20,000 

17 

Unidentified 

12,500 

*Identication,  based  on  molecular  weights,  are  not  conclusive. 
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dimer  (Sender,  1971).  Components  (#13-16)  with  molecular  weights 
in  the  range  of  20,000  to  40,000  daltons  were  believed  to  be  the 
regulatory  proteins  and  myosin  light  chains.  An  unidentified 
protein  at  12,500  daltons  was  consistently  observed  on  these  gels. 

No  evidence  was  obtained  for  the  presence  of  light  chain  3 
(^16,000  daltons)  or  troponin  C  (^21,000  daltons).  It  was  occasion¬ 
ally  observed  that  band  15,  identified  as  light  chain  1  (LC-^) 
migrated  as  a  partially  resolved  doublet  suggesting  the  possibility 
of  troponin-I  (24,000  daltons)  in  the  preparation. 

During  the  period  following  cell  fusion  in  the  cultures,  there 
is  an  accompanying  specific  activation  of  contractile  protein  syn¬ 
thesis  (Devlin  and  Emmerson,  1978)  and  assembly  of  the  myofibril 
(Fischman,  1970).  Consequently  it  was  of  interest  to  determine 
whether  there  were  changes  in  the  composition  of  the  myofibrillar 
preparation,  as  judged  by  electrophoresis,  during  the  post-fusion 
period.  Myofibrils  were  therefore  isolated  by  the  method  described, 
at  various  stages  after  fusion,  and  analyzed  by  SDS-PAGE  (Figure  20) . 

At  84  hours  post-plating  the  amount  of  material  on  the  gels  was 
low  compared  to  a  standard  (8  day  culture)  preparation,  with  myosin 
heavy  chain  and  actin  being  most  prominent.  Several  other  bands 
between  myosin  heavy  chains  and  actin  were  also  observed,  but  again 
at  considerably  reduced  levels  compared  to  standard  preparations. 
Staining  of  the  gel  in  the  region  of  the  regulatory  proteins  and 
light  chains  was  faint  and  diffuse,  and  no  clearly  resolved  bands 
could  be  discerned.  The  most  striking  feature  of  these  gels  how¬ 
ever,  was  the  almost  complete  absence  of  very  high  molecular  weight 
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Figure  20.  SDS-PAGE  analysis  of  myofibrillar  pellets  obtained 
from  cultures  of  normal  chick  embryo  leg  muscle  at 
various  stages  of  development.  Cultures  (3x10° 
cells/90  mm  plate)  were  established  and  grown  as 
described  in  Materials  and  Methods  for  10  days 
with  media  changes  on  days  4  and  6.  Myofibrils 
were  isolated  by  the  standard  procedure  described 
in  Materials  and  Methods  at  a)  84  hours,  b)  96 
hours,  c)  144  hours,  d)  192  hours  and  e)  240 


hours  post  plating. 
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proteins  of  more  than  200  K  daltons.  In  particular,  the  305  K 
component,  although  present  was  greatly  reduced  in  terms  of  its 
relative  color  density  compared  with  myofibrils  from  later  stages 
of  development.  The  composition  of  the  myofibril  preparation 
changed  during  the  next  12  hours,  to  assume  a  banding  pattern 
closely  resembling  that  of  the  standard  preparations.  Notably, 
the  relative  proportions  of  the  305  K  component  and  the  other 
very  high  molecular  weight  material  were  increased  to  levels  more 
typical  of  myofibril  preparations  from  older  cultures.  In  addition 
the  regulatory  proteins  and  light  chains  were  more  clearly  resolved, 
and  there  was  an  observable  increase  in  the  total  amount  of  stained 
material  on  the  gels.  Over  the  next  2  days  there  was  a  further 
increase  in  the  total  amount  of  stained  material,  but  no  significant 
changes  in  the  banding  pattern  were  observed.  After  this  stage  only 
very  slight  increases  in  the  amounts  of  material  on  the  gels  were 
noted  and  the  banding  pattern  had  clearly  stabilized  suggesting  a 
steady  state  situation  had  been  achieved. 

Myofibrils  prepared  by  the  standardized  method  from  dystrophic 
cultures  were  found  to  be  similar  in  appearance  to  those  from  normal 
cultures,  when  examined  by  phase  microscopy  (Figure  21).  The  re¬ 
sults  of  analysis  of  dystrophic  preparations  by  SDS-PAGE  are  shown 
in  Figure  22,  and  Table  11.  The  general  features  of  gels  of 
dystrophic  myofibrils  are  similar  to  those  from  normal  myofibrils 
in  terms  of  the  number  and  relative  distribution  of  major  and  minor 
bands  (see  Figure  23  for  a  comparison) .  However  a  number  of 
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Figure  21.  Myofibrillar  pellet  obtained  from  culture  of 


dystrophic  chick  embryo  leg  muscle  using  standard 
isolation  procedures.  Cultures  (3x10^  cells/ 

90  mm  plate)  were  established  as  described  in 
Materials  and  Methods  and  grown  for  8  days 
with  media  changes  on  days  4  and  6.  Myofibrils 
were  then  isolated  by  the  standard  procedure 
described  in  Materials  and  Methods. 


1  5  1 


. 
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Figure  22.  SDS-PAGE  analysis  of  myofibrillar  pellet  obtained 
from  cultures  of  dystrophic  chick  embryo  leg 
muscle.  Cultures  (3x10^  cells/90  mm  plate) 
were  established  as  described  in  Materials  and 
Methods  and  grown  for  8  days  with  media  changes 
on  days  4  and  6.  Myofibrils  were  then  isolated 
by  the  standard  procedure  and  analyzed  by 


SDS-PAGE  as  described  in  Materials  and  Methods. 


1  Unidentified 


2  ii  - 

3  ii  - 

4  ii  — - 

5  305  K  - 

6  Unidentified 

7  MHC  - 


8  C-  protein  — 

9  Unidentified 
1  0  oc-Actinin 


11  Actin  — 

12  Troponin-  T 

13  Tropomyosin 


14  Li  ght  Chain- 1- 

15  Light  Chain-2- 


16  Unidentified 


TABLE  11 


COMPOSITION  OF  MYOFIBRILS  DERIVED  FROM  CULTURES  OF  DYSTROPHIC 

CHICK  EMBRYO  SKELETAL  MUSCLE 


BAND 

PROTEIN* 

MOLECULAR  ' 
(Dalton 

1 

Unidentified 

<500,000 

2 

II 

<500,000 

3 

II 

400,000 

4 

IT 

355,000 

5 

II 

315,000 

6 

II 

255,000 

7 

Myosin  Heavy  Chain  (MHC) 

200,000 

8 

C-Protein 

140,000 

9 

Unidentified 

110,000 

10 

a- Ac tinin 

100,000 

11 

Ac  tin 

45,000 

12 

Troponin-T 

38,000 

13 

Tropomyosin 

36,000 

14 

Light  Chain  1  (LC^) 

26,000 

15 

Light  Chain  2  (LC2) 

20,000 

16 

Unidentified 

12,500 

identifications  based  on  molecular  weights  are  not  conclusive. 
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Figure  23.  Comparison  of  standard  myofibrillar  pellets 


obtained  from  cultures  of  normal  (N)  and 
dystrophic  (D)  chick  embryo  leg  muscle. 

Cultures  (3x10^  cells/90  mm  plate)  from  normal 
and  dystrophic  chick  muscle  were  established 
as  described  in  Materials  and  Methods  and  grown 
for  8  days  with  media  changes  on  days  4  and  6. 
Myofibrils  were  then  isolated  and  analyzed  by 
SDS-PAGE  as  described  in  Materials  and  Methods. 


D  N 
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differences  were  noted.  First  of  all  total  amounts  of  protein 
on  gels  of  dystrophic  myofibrils  were  lower  than  in  normal  (Table 
12  and  13) .  In  addition  the  distribution  and  molecular  weights 
of  minor  bands  in  the  very  high  molecular  weight  region  appeared 
to  be  different  and  a  band,  which  probably  corresponded  to  the 
305  K  component  of  normal  myofibrils  migrated  with  a  slightly 
higher  molecular  weight  (315  K) .  This  band  appeared  to  account 
for  a  relatively  smaller  proportion  of  the  material  on  the  gel. 

The  doublet  (110  K  &  110  K)  migrating  below  the  140  K  component  on 
dystrophic  gels  was  not  identical  to  that  found  in  normal  myofibrils 
where  molecular  weights  of  105  K  and  90  K  were  noted.  The  most 
obvious  difference  between  the  two  types  of  myofibrils  was  the 
degree  of  resolution  obtained  for  actin  and  the  two  regulatory 
proteins,  troponin-T  and  tropomysin.  In  the  case  of  normal  myo¬ 
fibrils  actin  was  clearly  resolved  from  the  regulatory  proteins. 

By  contrast  the  resolution  obtained  in  dystrophic  preparations  was 
much  poorer  and  it  was  found  that  the  molecular  weights  of  these 
proteins  were  slightly  different  (Table  11) .  These  results  suggest¬ 
ed  a  possible  difference  in  these  components  between  normal  and 
dystrophic  cultures.  However,  on  co-electrophoresis  of  normal  and 
dystrophic  samples  actin  migrated  as  a  single  band. 

D .  Analysis  of  Myofibrillar  Proteins 

The  influence  of  the  inhibitors  on  the  composition  of  the 
myofibrils,  as  judged  by  SDS-PAGE  was  investigated,  Beginning  with 
7  day-old  cultures,  the  inhibitors,  either  singly  or  in  combination 
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at  the  concentrations  previously  used,  were  added  to  the  medium 
for  periods  of  up  to  72  hours.  Myofibrils  were  isolated  and 
analyzed  as  described  in  the  previous  section.  As  can  be  seen 
(Figure  24)  none  of  the  inhibitor  treatments  produced  any  notice¬ 
able  difference  in  either  the  banding  pattern  or  the  relative  dis¬ 
tribution  of  components  in  myofibril  samples  from  normal  cultures 
ter  24  hours  of  exposure  to  the  inhibitors.  However  there  was  a 
significant  increase  in  the  total  amount  of  protein  on  the  gels  of 
inhibitor  treated  samples,  and  in  particular  with  respect  to  the 
four  major  components  (Table  12).  The  increase  was  evident  at  24 
hours  post-labelling  and  was  maintained  through  72  hours  post-label¬ 
ling.  In  addition  the  extent  of  the  increase  was  the  same  for  all 
three  inhibitor  treatments  examined.  In  parallel  experiments  with 
dystrophic  cultures  the  composition  of  myofibrils  was  unaffected  by 
either  of  the  inhibitors  when  used  on  their  own  (Figure  25)  but  in 
contrast  to  the  situation  for  normal  cultures  no  significant  in¬ 
crease  in  the  amount  of  protein  on  the  gels  was  noted  (Table  13) . 

In  samples  from  dystrophic  cultures  treated  with  both  inhibitors 
simultaneously  for  24  hours  some  small  differences  were  noted  in  the 
banding  pattern  (but  not  in  the  levels  of  the  four  major  components 
(Table  13).  Within  the  very  high  molecular  weight  region  i.e. 

>  250  daltons,  a  band  corresponding  to  465,000  daltons  was  lost  and 
a  new  band  at  500,000  daltons  developed.  More  noticeably  the  doublet 
of  110,000  and  100,000  daltons  disappeared  and  there  was  a  decrease 
in  the  relative  intensity  of  the  troponin-T/t ropomyosin  doublet. 

In  addition  these  gels  stained  diffusely  throughout  the  lower 
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Figure  24.  Effect  of  protease  inhibitor  treatment  on 
composition  of  myofibrils  from  cultures  of 
normal  chick  embryo  leg  muscle.  Cultures 
(3x10  cells/90  mm  plates)  were  established 
as  described  in  Materials  and  Methods  and 
grown  for  7  days  with  media  changes  on  days 
4  and  6.  Addition  of  inhibitors  was  initiated 
on  day  7  and  maintained  over  the  following  24 
hours.  Myofibrils  were  isolated  by  the  standard 
procedure  described  in  Materials  and  Methods 
and  analyzed  by  SDS-PAGE,  a)  control  b)  leupeptin 
(50  ug/ml)  c)  pepstatin  (50  ug/ml)  d)  leupeptin 
=  pepstatin  (50  ug/ml) . 
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Influences  of  protease  inhibitors  on  levels  of  myofibrillar  components  from  normal  chick  embryo 

cultures  as  determined  from  SDS-PAGE 


161 


3 


C 

3 

tH 

P 

03 

S-i 

4-1 

•H 

-O 

p 

CO 


3 

P 

1 

3 

3 

•H 

4-4 

4-1 

& 

O 

3 

Pi 

3 

3 

o 

J3 

i — [ 

3 

CO 

<r 

vD 

r^ 

Pi 

O 

3 

C4 

3 

H 

» — * 

CN 

CN 

CM 

00 

' — ' 

CM 

O 

X 

3 

to 

r-1 

+1 

4-  1 

+  1 

+  I 

r^. 

3 

3 

o 

on 

m 

r— 1 

ON 

33 

rH 

• 

CM 

rH 

CN 

CsJ 

00 

3 

33 

• 

3 

03 

o 

CO 

tH 

3 

3 

4-1 

> 

V 

1-3 

3 

3 

33 

3 

CO 

33 

O 

Pi 

CP 

33 

J3 

3 

O 

M- 4 

CO 

rH 

CO 

'mO 

o 

3 

CM 

4-) 

3- 

Pi 

Ph 

U 

CN 

r-H 

CO 

CN 

-3 

O 

3 

3 

4-4 

4-J 

+  1 

+  | 

+ 1 

+  1 

4-1 

2 

3 

3 

3 

vO 

o> 

o 

a; 

33 

O 

o 

3 

<r 

CM 

O 

in 

CM 

s 

3 

33 

CO 

CJ 

Pi 

CM 

<r 

CO 

in 

4-1 

4-1 

3 

3 

33 

3 

3 

3 

E 

E 

4H 

3 

*H 

o 

o 

4H 

cd 

4-1 

3 

3 

P 

Pi 

•H 

•H 

3 

rH 

4H 

4h 

33 

3 

00 

o 

00 

CO 

3 

-X 

3 

P 

H, 

CO 

CN 

CO 

rH 

•H 

3 

•H 

• 

4-J 

PH 

JO 

+  1 

“H  1 

+  1 

“1“  1 

3 

4-4 

U 

Q 

3 

r-H 

P-, 

rH 

CO 

CO 

•H 

3 

3 

• 

3 

4-J 

' — ✓ 

CM 

rH 

CO 

rH 

P 

3 

3 

4-1 

CP 

Pi 

3 

IS 

1 — 

<3" 

CN 

m 

3 

13 

3 

3 

+ 

3 

3 

M 

4-1 

3 

S 

4-1 

CJ 

H 

3 

3 

£ 

3 

4H 

•H 

< 

S 

p 

3 

3 

•H 

4h 

H 

o 

3 

•H 

3 

33 

•H 

CO 

CO 

VO 

oo 

rH 

rH 

3 

4-4 

3 

E 

3 

Cl, 

P 

CO 

CN 

CO 

CN 

•H 

“H 

P 

33 

tH 

OC 

w 

JO 

+  1 

+  1 

+  1 

+  | 

JO 

3 

3 

3 

r-H 

•H 

rH 

vO 

CO 

33 

•H 

4-1 

rO 

Pi 

4-1 

3 

<r 

CN 

r-H 

r— H 

ON 

3 

j: 

rH 

•H 

3 

3 

CM 

<r 

CO 

<T 

33 

3 

3 

Pi 

3 

4-1 

•H 

•H 

CJ 

CJ 

3 

3 

O 

P 

3 

3 

•H 

3 

a 

4-4 

3 

3 

3 

4H 

CO 

O' 

CM 

CO 

3 

O 

rH 

33 

rH 

•H 

3 

v» 

CM 

CM 

CO 

3 

C4 

03 

3 

U 

JO 

+ 

+ 1 

+  1 

+  1 

33 

3 

E 

3 

> 

00 

3 

CO 

00 

ON 

00 

O 

3 

3 

*H 

& 

X 

CM 

o 

o 

rH 

rH 

3 

•H 

CO 

3 

CO 

m 

3 

4-J 

W 

• 

4-4 

IS 

•H 

a 

PH 

3 

3 

4H 

33 

33 

• 

< 

Pi 

Pi 

3 

4-4 

3 

33 

3 

P-4 

4-1 

3 

3 

CL, 

J3 

<1 

P 

1 

3 

2 

O 

w 

3 

3 

cn 

E 

CP 

CP 

CO 

m 

<r 

VO 

vO 

•H 

O 

Q 

o 

4-J 

E 

CD 

p 

CN 

co 

CN 

CN 

rH 

• 

j: 

cn 

4-1 

3 

O 

w 

JO 

+  | 

+  1 

+  1 

+  1 

JO 

vO 

•H 

3 

CJ 

rJ 

lO- 

CN 

3 

CM 

PH 

3 

3 

<r 

CN 

i — ! 

CO 

4—1 

33 

1"- 

JP 

3 

O 

JC 

CM 

<r 

co 

m 

3 

3 

3 

CP 

CJ 

3 

3 

00 

33 

33 

E 

3 

3 

3 

o 

3 

3 

<3- 

•H 

N 

00 

a 

3 

tH 

3 

P 

CO 

rH 

CM 

co 

3 

3 

o 

rH 

•H 

j: 

O 

P 

CN 

co 

CN 

co 

s 

tH  rH 

3 

3 

3 

4H 

JO 

+  1 

+  1 

+  | 

+ 1 

3 

rH 

3 

3 

3 

in 

rv 

CN 

ON 

/ - S 

33 

o 

3 

3 

3 

3 

CM 

vO 

ro 

o 

3 

4-4 

CJ 

3 

CO 

co 

CM 

<!■ 

4-1 

3 

33 

3 

Pi 

3 

3 

o 

3 

3 

O 

rH 

i — 1 

-3 

3 

pH  4-H 

3 

• 

CP 

3 

4-> 

JO 

> 

33 

CO 

3 

33 

3 

3 

X 

CO 

rH 

CO 

CO 

E 

00 

3 

3 

3 

rH 

•H 

o 

P 

CO 

rH 

CN 

CM 

E 

3 

Pi 

4-1 

•H 

3 

o 

33 

PS 

JO 

+  1 

+  1 

+  1 

+  1 

3 

3 

3 

3 

i — 1 

p 

3 

H 

T— 1 

vD 

o 

rC 

> 

rH 

4-1 

3 

4-J 

4-J 

S 

<r 

<r 

NT 

uo 

rH 

O'. 

o 

O 

O 

o 

> 

3 

3 

o 

CM 

CO 

CO 

CM 

3 

Pi 

O 

u 

3 

3 

33 

•H 

a 

4—1 

U 

3 

i — 1 

■H 

3 

3 

4-J 

, — 1 

33 

3 

3 

Pi 

3 

3 

3 

3 

■H 

P, 

O 

E 

• 

•H 

CO 

co 

<r 

3 

E 

3 

3 

4-4 

4-J 

P 

O 

p 

CN 

CN 

rH 

CM 

4-1 

12 

3 

3 

CP 

JO 

+  i 

+  1 

+  1 

+ 1 

M3 

j: 

3 

33 

3 

4-4 

CO 

CTn 

o 

vO 

O 

4J 

•H 

3 

3 

Pi 

4-J 

3 

o 

m 

CN 

ON 

rH 

•H 

3 

rH 

•H 

4-1 

3 

E 

CO 

CO 

CM 

CO 

X 

E 

•H 

4-4 

J3 

•H 

co 

Pi 

•H 

i — ! 

4-1 

' — • 

3 

33 

JO 

4-4 

i — 1 

P 

H 

3 

*H 

3 

< 

o 

3 

z 

3 

3 

3 

4h 

3 

3 

w 

3 

33 

o 

3 

rH 

P 

z 

m 

O 

O 

M 

P 

/— N 

>> 

cr 

• 

o 

-3 

CD 

o 

on 

<r 

H 

3 

r^- 

3 

E 

3 

• 

4-J 

Cl, 

CO 

rH 

O 

4-1 

Pi 

3 

4-4 

o 

s 

< 

rH 

P 

3 

33 

Pi 

3 

V 

3 

O 

3 

O 

O 

3 

3 

3 

X 

CJ 

4H 

J= 

3 

S 

E 

■  CP 

4-4 

■V 


■ 

■ 

. 


Figure  25.  Effect  of  protease  inhibitor  treatment  on  composition 
of  myofibrils  from  cultures  of  dystrophic  chick  embryo 
leg  muscle.  Cultures  (3x10^  cells/90  mm  plates)  were 
established  as  described  in  Materials  and  Methods  and 
grown  for  7  days  with  media  changes  on  days  4  and  6. 
Addition  of  inhibitors  was  initiated  on  day  7  and 
maintained  over  the  following  24  hours.  Myofibrils 
were  isolated  by  the  standard  procedure  as  described 
in  Materials  and  Methods  and  analyzed  by  SDS-PAGE. 
a)  control,  b)  leupeptin  (50  ug/ml) ,  c)  pepstatin 
(50  ug/ml),  d)  leupeptin  +  pepstatin  (50  ug.ml) . 
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Influence  of  protease  inhibitors  on  levels  of  myofibrillar  components  from  dystrophic  chick  embryo 

cultures  as  determined  from  SDS-PAGE. 
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molecular  weight  region  i.e.  <  50,000  daltons.  Preparations  of 
myofibrils  from  dystrophic  cultures  treated  for  72  hours  with  both 
inhibitors  showed  a  marked  increase  in  the  intensity  of  the  diffuse 
staining  with  a  concomitant  decrease  in  the  intensity  of  the 
individual  bands  (Figure  26) . 

The  myofibril  isolation  procedure  was  also  used  to  investigate 
the  turnover  of  the  myofibrils  and  the  effect  of  the  inhibitors  on 
turnover  in  both  normal  and  dystrophic  cultures.  Cultures  were 
labelled  between  days  6  and  7  with  ^S-methionine  and  simultaneous¬ 
ly  treated  with  cytosine  arabinoside  (5  x  10  -^M)  to  reduce  fibro¬ 
blast  contamination.  Myofibrils  were  then  isolated  on  days  7  (0 
hours),  8  (24  hours),  and  10  (72  hours)  and  analyzed  by  electro¬ 
phoresis.  During  this  interval,  the  banding  pattern  and  amounts  of 
the  four  major  components  on  the  gels  of  normal  controls  remained 
constant  (Table  12) ,  suggesting  that  the  cultures  were  in  a  steady 
state.  Further  evidence  for  the  existence  of  a  steady  state  in 
normal  cultures  during  this  interval  was  obtained  from  measurements 
of  the  levels  of  extractable  protein.  Thus  at  0,  24,  and  72  hours 
post-labelling,  the  levels  of  extractable  protein  were  11.68  +  0.43 
(0  hours),  12.19  +  0.36  (24  hours)  and  11.87  +  0.54  (72  hours)  mg. 
protein/90  mm.  plate  (the  values  are  the  mean  +  S.E.  from  three 
separate  experiments) .  The  specific  activities  (calculated  as  cpm/ 
unit  area)  of  the  four  major  components  on  the  gels  were  determined 
at  the  various  sampling  stages  and  decay  curves  were  constructed 
from  this  data.  Typical  results  obtained  from  normal  cultures  are 
shown  in  Figure  27.  The  initial  specific  activities  of  the  four 
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Figure  26.  SDS-PAGE  analysis  of  myofibrillar  pellet  from  cultures 


of  dystrophic  chick  leg  muscle  treated  for  72  hours 
with  leupeptin  plus  pepstatin.  Cultures  (3x10^  cells/ 
90  mm  plate)  were  established  as  described  in  Materials 
and  Methods  and  grown  for  7  days  with  media  changes 
on  days  4  and  6.  Addition  of  leupeptin  (50  ug/ml) 
plus  pepstatin  (50  ug/ml)  was  initiated  on  day  7 
and  maintained  through  the  following  72  hours.  Myo¬ 
fibrils  were  isolated  by  the  standard  procedure 
described  in  Materials  and  Methods  and  analyzed  by 


SDS-PAGE. 
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Figure  27.  Specific  activity  decay  curves  of  four  myofibrillar 
proteins  from  cultures  of  normal  chick  embryo  leg 

C. 

muscles.  Cultures  (3x10°  cells/90  mm  plate)  were 
established  as  described  in  Materials  and  Methods 
and  grown  for  6  days  with  a  medium  change  on  day  4. 
Cultures  were  labelled  with  ^S-methionine  (22.5 
uCi/90  mm  plate),  between  the  6th  and  7th  day. 

The  end  of  the  labelling  period  corresponds  to  0 
hours  in  the  figure.  Sample  cultures  were  taken 
at  0,  24  and  72  hours  post-labelling,  and  myo¬ 
fibrils  were  prepared  and  analyzed  by  SDS-PAGE  as 
described  in  Materials  and  Methods .  Individual 
bands  on  gels  were  quantified  for  both  protein 
and  radioactivity  and  specific  activities  deter¬ 
mined.  Lines  of  best  fit  were  constructed  by  the 
method  of  least  square.  Correlation  co-efficients 
were  determined  as:  actin  (0.9993),  140K  (0.99631), 


MHC  (0.99974).  Values  are  mean  +S.D.  (N=3  or  4). 


SPECIFIC  ACTIVITY  (  cpm  /  unit  area) 
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HOURS 


components  were  found  to  occur  in  a  definite  and  reproducible  order 


with  actin  having  the  largest  specific  activity  and  MHC  the  small¬ 
est  (Figure  27) .  Adjustment  of  the  specific  activity  of  actin  for 
its  methioine  content  relative  to  MHC  (Devlin  and  Emmerson,  1978) 
diminished  the  difference  to  the  extent  that  actin  actually  ex¬ 
hibited  a  lower  rate  of  methionine  incorporation  (S.A.  35.71  cpm/ 
unit  area)  compared  to  MHC  (S.A.  47.10  cpm/unit  area).  Similar 
corrections  for  305  K  and  140  K  proteins  were  not  possible  since 
the  methionine  content  of  these  components  was  not  known. 

Best  fits  of  the  semi-logarithmic  plots  of  specific  activity 
versus  time  were  constructed  by  the  method  of  least  squares  and 
correlation  co-efficients  and  slopes  determined  (Figure  27,  Table 
14) .  The  decay  curves  for  all  four  components  were  linear,  indicat¬ 
ing  that  turnover  of  these  particular  proteins  conformed  to  first 
order  kinetics.  Estimates  of  half-lives  were  obtained  from  the 
slopes  of  the  individual  decay  curves.  Actin  with  a  half-life  of 
50.3  hours  appeared  to  turn  over  more  slowly  than  the  other  three 
components  all  of  which  exhibited  very  similar  half-lives  between 
35  and  39  hours  throughout  the  experimental  period  (Table  14). 

Patterns  of  turnover  in  the  presence  of  the  inhibitors  were  also 
determined  (Figure  28  a,  b,  c;  Table  12).  In  all  of  the  cases  ex¬ 
amined,  the  inhibitors  considerably  reduced  the  rate  of  decay  of 
specific  activity.  These  effects  were  clearly  apparent  after  24 
hours  of  treatment,  producing  inhibition  in  the  range  45%-70%.  The 
degree  of  inhibition  found  at  72  hours  was  in  general  lower  being 
of  the  order  of  20%-35%.  In 


some  cases  e.g.  effect  of  leupeptin  on 
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Figure  28.  a)  Effect  of  leupeptin  and  pepstatin  on  specific 
activity  curves  of  MHC  and  actin  from  cultures  of 
normal  chick  embryos.  Cultures  (3x10^  cells/90  mm 
plate)  were  established  as  described  in  Materials  and 
Methods  and  grown  for  6  days  with  a  medium  change  on 
day  4.  Cultures  were  labelled  with  ^^S-methionine 
(22.5  uCi/90  mm  plate)  between  the  6th  and  7th  day. 

The  end  of  the  labelling  period  corresponds  to  0 
hours  in  the  figure.  Addition  of  leupeptin  (50  ug/ml) 
and  pepstatin  (50  ug/ml)  was  initiated  on  day  7  and 
maintained  over  the  following  72  hours.  Sample 
cultures  were  taken  at  0,  24  and  72  hours  post-label¬ 
ling,  myofibrils  were  isolated  and  analyzed  by  SDS-PAGE 
as  described  in  Materials  and  Methods.  Individual  bands 
on  gels  were  quantified  for  both  protein  and  radio¬ 
activity  and  specific  activities  determined.  Values 
are  mean  +S.D.  (n=3  or  4).  All  treatments  were  signif¬ 
icantly  different  from  the  controls  at  either  24  or 
72  hours  (p  <0.001  Students-t-test) . 
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Figure  28.  b)  Effect  of  leupeptin  and  pepstatin  on  specific 

activity  decay  curves  of  305K  component  from  cultures 
of  normal  chick  embryos.  Cultures  (3x10°  cells/90  mm 
plate)  were  established  as  described  in  Materials 
and  Methods  and  grown  for  6  days  with  a  medium  change 
on  day  4.  Cultures  were  labelled  with  -^S-methionine 
(22.5  uCi/90  mm  plate)  between  the  6th  and  7th  day. 

The  end  of  the  labelling  period  corresponds  to  0 
hours  in  the  figure.  Addition  of  leupeptin  (50  ug/ml) 
and  pepstatin  (50  ug/ml)  was  initiated  on  day  7  and 
maintained  over  the  following  72  hours.  Sample 
cultures  were  taken  at  0,  24  and  72  hours  post-label¬ 
ling,  and  myofibrils  were  isolated  and  analyzed  by 
SDS-PAGE  as  described  in  Materials  and  Methods. 
Individual  bands  on  gels  were  quantified  for  both 
protein  and  radioactivity  and  specific  activities 
determined.  Values  are  mean  +£>*D.  (n=3  or  4),  All 
treatments  were  significantly  different  from  the 
controls  at  either  24  or  72  hours.  (p  <  0.001  Students- 


t-test) . 
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Figure  28.  c)  Effect  of  leupeptin  and  pepstatin  on  specific 

activity  decay  curves  of  140K  component  from  cultures 
of  normal  chick  embryos.  Cultures  (3x10^  cells/90  mm 
plate)  were  established  as  described  in  Materials  and 
Methods  and  grown  for  6  days  with  a  medium  change  on 

Q  Q 

day  4.  Cultures  were  labelled  with  JJS-methionine 
(22.5  uCi/90  mm  plate)  between  the  6th  and  7th  days. 

The  end  of  the  labelling  period  corresponds  to  0 
hours  in  the  figure.  Addition  of  leupeptin  (50  ug/ml) 
and  pepstatin  (50  ug/ml)  was  initiated  on  day  7  and 
maintained  over  the  following  72  hours.  Sample  cultures 
were  taken  at  0,  24  and  72  hours  post-labelling, 
myofibrils  were  isolated  and  analyzed  by  SDS-PAGE  as 
described  in  Materials  and  Methods.  Individual  bands 
on  gels  were  quantified  for  both  protein  and  radio¬ 
activity  and  specific  activities  determined.  Values 
are  mean  +S.D.  (n=3  or  4).  All  treatments  were 
significantly  different  from  the  controls  at  either 
24  or  72  hours  (p  <  0.001  Students-t-test) . 


SPECIFIC  ACTIVITY  (  cpm  /  unit  area ) 


0  24  48  72 


HOURS 


r 


' 


MHC ,  the  decay  curves  during  the  24  to  72  hour  interval  appeared 
to  be  parallel  to  the  controls  suggesting  that,  turnover  had  been 
restored  to  control  levels  during  this  period.  The  results  also 
indicated  that  leupeptin  and  pepstatin,  at  the  concentrations  used, 
were  equally  effective.  However,  unlike  the  situation  found  in 
analysis  of  total  cell  protein  there  was.  no  evidence  to  suggest 
that  the  combined  use  of  the  inhibitiors  resulted  in  any  further 
increases  in  the  degree  of  inhibition  produced  by  either  leupeptin 
or  pepstatin  on  their  own. 

Parallel  studies  were  carried  out  on  cultures  prepared  from 
the  muscle  of  genetically  dystrophic  embryos.  As  was  found  for  the 
normal  control  cultures  the  banding  pattern  and  amounts  of  the  four 
major  components  on  the  gels  of  dystrophic  controls  remained  con¬ 
stant  during  the  experimental  period  suggesting  that  the  cultures 
were  in  a  steady  state.  In  addition  the  levels  of  extractable  pro¬ 
tein  during  this  interval  were  constant  (11.71+0.41  (0  hours), 
12.46+0.56  (24  hours),  and  12.23+0.49  (72  hours)  mg.  protein/90  mm 
plate.  The  initial  specific  activities  of  the  four  myofibrillar 
components  were  found  to  be  ranked  in  the  same  order  as  that  for 
normal  cultures  (Table  13,  Figure  29) .  Again  adjustment  of  the 
specific  activity  of  actin  for  its  methionine  content  relative  to 
MHC  (Devlin  and  Emmerson,  1978)  diminished  the  difference  such  that 
actin  (S.A.  38.90  cpm/unit  area)  exhibited  a  lower  rate  of  incorpor¬ 
ation  of  isotope.  A  comparison  of  the  initial  specific  activities 
of  the  four  components  shown  in  Figure  27  and  29  indicates  that 


. 


. 


Figure  29.  Specific  activity  decay  curves  of  four  myofibrillar 
proteins  from  cultures  of  dystrophic  chick  embyro 
leg  muscles.  Cultures  (3x10^  cells/90  mm  plate)  were 
established  as  described  in  Materials  and  Methods  and 
grown  for  6  days  with  a  medium  change  on  day  4. 
Cultures  were  labelled  with  35g_met-j1-[on;Lne  (22.5  uCi/ 
90  mm  plate)  between  the  6th  and  7th  day.  The  end  of 
the  labelling  period  corresponds  to  0  hours  in  the 
figure.  Sample  cultures  were  taken  at  0,  24  and  72 
hours  post-labelling,  and  myofibrils  were  prepared 
and  analyzed  by  SDS-PAGE  as  described  in  Materials  and 
Methods .  Individual  bands  on  gels  were  quantified 
for  both  protein  and  radioactivity  and  specific 
activities  determined.  Lines  of  best  fit  were  con¬ 
structed  by  the  method  of  least  square.  Correlation 
co-efficients  were  determined  as:  actin  (0.99427), 
140K  (0.99952),  305K  (0.99976),  MHC  (0.99980).  Values 


are  mean  4-S.D.  (n=3  or  4). 
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dystrophic  myofibrillar  proteins  incorporated  more  isotope  during 
the  labelling  period.  However  these  differences  were  within  ex¬ 
perimental  variation  and  were  not  significantly  different  suggest¬ 
ing  that  the  specific  rates  of  synthesis  were  in  fact  similar  in 
both  normal  and  dystrophic  cultures.  Semi-logarithmic  plots  for 
the  four  components  were  linear  indicating  that  turnover  of  these 
proteins  also  conformed  to  first  order  kinetics.  Estimates  of  half- 
lives  obtained  from  the  slopes  (cpm/hour)  of  the  decay  curves  are 
shown  in  Table  15.  The  half-lives  of  the  dystrophic  myofibrillar 
proteins  were  not  found  to  be  significantly  different  (p<0.05) 
from  those  of  normal  cultures  indicating  similar  rates  of  turnover. 

Treatment  of  the  dystrophic  cultures  with  the  protease 
inhibitors  resulted  in  an  inhibition  of  the  turnover  of  the  myo¬ 
fibrillar  proteins  (Figure  30  a,  b,  c) .  These  effects  were  readily 
detectable  after  24  hours  of  treatment  and  were  of  a  magnitude 
similar  to  that  produced  in  normal  cultures  at  the  same  stage. 
Differences  between  the  dystrophic  controls  and  treatments  were  also 
noted  at  72  hours.  In  these  cases  the  degree  of  inhibition  was  both 
less  than  that  produced  at  24  hours  (similar  to  the  normal  cultures) 
and  less  than  that  found  at  72  hours  in  normal  cultures.  In  addi¬ 
tion  the  slope  of  the  decay  curves  between  24  and  72  hours  were  in 
almost  all  cases  parallel  to  controls,  suggesting  that  turnover 
may  have  been  restored  to  control  levels  during  this  interval. 
Similar  observations  were  made  for  normal  cultures  but  as  already 
mentioned  it  appeared  to  be  a  less  frequent  occurrence  in  these 
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a)  significantly  different  from  other  3  compnents  p  <0.01. 

b)  significantly  lower  than  corresponding  24  hour  value  at  p  <0.01. 
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Figure  30.  a)  Effect  of  leupeptin  and  pepstatin  on  specific 

activity  decay  curves  of  MHC  and  actin  from  cultures 
of  dystrophic  chick  embryos.  Cultures  (3x10^  cells/ 

90  mm  plate)  were  established  as  described  in 
Materials  and  Methods  and  grown  for  6  days  with  a 
medium  change  on  day  4.  Cultures  were  labelled 
with  35g-methionine  (22.5  uCi/90  mm  plate)  between 
the  6th  and  7th  day.  The  end  of  the  labelling 
period  corresponds  to  0  hours  in  the  figure.  Addition 
of  leupeptin  (50  ug/ml)  and  pepstatin  (50  ug/ml)  was 
initiated  on  day  7  and  maintained  over  the  following 
72  hours.  Sample  cultures  were  taken  at  0,  24  and 
72  hours  post-labelling,  myofibrils  were  isolated 
and  analyzed  by  SDS-PAGE  as  described  in  Materials 
and  Methods.  Individual  bands  on  gels  were  quantified 
for  both  protein  and  radioactivity  and  specific 
activities  determined.  Values  are  mean  +S.D.  (n=  3 
or  4) .  All  treatments  were  significantly  different 
from  the  controls  at  either  24  or  72  hours. 


(p  <0.001  Students-t-test) . 
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Figure  30.  b)  Effect  of  leupeptin  and  pepstatin  on  specific 

activity  decay  curves  of  305K  component  from  cultures 
of  dystrophic  chick  embryos.  Cultures  (3x10^  cells/ 
90  mm  plate)  were  established  as  described  in 
Materials  and  Methods  and  grown  for  6  days  with  a 
medium  change  on  day  4.  Cultures  were  labelled  with 
~^S-methionine  (22.5  uCi/90  mm  plate)  between  the 
6th  and  7th  day.  The  end  of  the  labelling  period 
corresponds  to  0  hours  in  the  figure.  Addition  of 
leupeptin  (50  ug.ml)  and  pepstatin  (50  ug/ml)  was 
initiated  on  day  7  and  maintained  over  the  following 
72  hours.  Sample  cultures  were  taken  at  0,  24  and  72 
hours  post-labelling,  myofibrils  were  isolated  and 
analyzed  by  SDS-PAGE  as  described  in  Materials  and 
Methods.  Individual  bands  on  gels  were  quantified 
for  both  protein  and  radioactivity  and  specific 
activities  determined.  Values  are  mean  +S.D.  (n=3  or 
4) .  All  treatments  were  significantly  different  from 
the  controls  at  either  24  or  72  hours,  (p  <  0.001 


Students-t-test) . 
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Figure  30.  c)  Effect  of  leupeptin  and  pepstatin  on  specific 

activity  decay  curves  of  140K  component  from  cultures 
of  dystrophic  chick  embyros.  Cultures  (3x10^  cells/90 
mm  plate)  were  established  as  described  in  Materials 
and  Methods  and  grown  for  6  days  with  a  medium  change 

O  C 

on  day  4.  Cultures  were  labelled  with  JS-methionine 
(22.5  uCi/90  mm  plate)  between  the  6th  and  7th  day. 

The  end  of  the  labelling  period  corresponds  to  0 
hours  in  the  figure.  Addition  of  leupeptin  (50  ug.ml) 
and  pepstatin  (50  ug/ml)  was  initiated  on  day  7  and 
maintained  over  the  following  72  hours.  Sample 
cultures  were  taken  at  0,  24  and  72  hours  post-label- 
ling,  myofibrils  were  isolated  and  analyzed  by  SDS-PAGE 
as  described  in  Materials  and  Methods.  Individual 
bands  on  gels  were  quantified  for  both  protein  and 
radioactivity  and  specific  activities  determined. 

Values  are  mean  +S-D.  (n=3  or  4).  All  treatment  were 
significantly  different  from  the  controls  at  either 


24  or  72  hours.  (p  <  0.001  Students-t-test) . 
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cases.  No  evidence  was  obtained  to  indicate  that  either  one  of 
the  inhibitors  was  consistently  more  effective  than  the  other,  and 
no  clear  additive  effect  could  be  distinguished  when  the  inhibitors 
were  used  in  combination.  Specific  activity  values  for  samples 
from  dystrophic  cultures  treated  with  both  inhibitors  for  72  hours 
were  not  determined  due  to  the  degenerating  state  of  these  cultures, 
and  the  inability  to  obtain  acceptable  electrophoresis  preparations. 
Finally,  it  was  noted  that  the  effect  of  the  inhibitors  on  the 
dystrophic  cultures  differed  from  that  in  normal  cultures,  in  that 
no  significant  increases  were  found  in  the  levels  of  the  four 
components  in  myofibrils  obtained  by  standard  procedures  from  treat¬ 


ed  cultures. 
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V.  DISCUSSION 

y 

A.  General  Considerations 

The  primary  objective  of  the  studies  presented  here  was  to 
obtain  information  on  the  mechanism(s)  of  protein  degradation  in 
skeletal  muscle,  and  in  particular  the  mechanism(s)  by  which  the 
myofibril  is  degraded.  This  somewhat  neglected  aspect  of  muscle 
biology  was  of  interest  for  several  reasons.  In  the  first  place 
the  capacity  to  synthesize  and  degrade  proteins  continually,  appears 
to  be  a  general  property  of  all  cells,  not  just  muscle  (Schimke, 
1975;  Kay,  1978;  Waterlow  et  al.,  1978).  As  such,  an  understanding 
of  how  this  fundamental  process  works  and  influences  the  behavior 
of  cells  in  general  and  the  particular  characteristics  it  assumes 
in  specific  tissues  such  as  muscle,  would  constitute  an  important 
contribution  to  the  field  of  cell  biology.  Secondly,  skeletal 
muscle,  by  virtue  of  its  mass  and  protein  content,  has  a  position 
of  central  significance  in  the  overall  protein  metabolism  of 
animals  (Young,  1970) ,  and  in  this  context  would  be  of  relevance  to 
both  agriculture  and  medical  scientists.  In  order  to  define  more 
precisely  this  metabolic  role  of  skeletal  muscle,  a  clearer  picture 
of  the  underlying  cellular  (and  subcellular)  events  is  essential. 
Similarly  the  well  recognized  capacity  of  skeletal  muscle  to  adapt 
in  response  to  various  stimuli  (as  for  example  during  states  of 
hypertrophy  and  atrophy) ,  may  well  be  governed  by  the  activity  of 
the  proteolytic  mechanisms  of  the  tissue  and  again  an  understanding 


of  these  mechanisms  would  be  of  value  in  the  fields  of  both  medicine 
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and  agriculture.  Of  particular  interest  are  the  muscular  dystro¬ 
phies  which  characteristically  exhibit  a  gradual  loss  of  protein 
from  the  muscle  and  occur  in  both  humans  (Monckton,  1978)  and 
animals  (Telford,  1971) .  At  present  the  relationship  between  the 
primary  lesion  and  the  net  catabolism  of  the  muscle  is  unknown. 
Neither  is  it  clear  whether  this  net  catabolism  is  the  result  of  a 
relative  increase  in  the  normal  proteolytic  mechanisms  of  muscle  or 
whether  processes  distinct  to  the  pathological  state  are  responsible. 
Information  on  the  breakdown  of  the  myofibril  is  essential  since 
this  organelle  accounts  for  the  bulk  of  muscle  proteins.  In 
addition  an  understanding  of  this  process  may  be  of  more  general 
significance  in  terms  of  the  turnover  of  other  complex  intracellular 
structures  such  as  mitochondria  or  membrane  systems. 

In  deciding  upon  an  approach  to  this  problem,  it  was  noted  that 
the  preliminary  studies  of  Dean  (1975b),  in  which  he  used  pepstatin 
to  inhibit  proteolysis  in  the  perfused  rat  liver,  illustrated  the 
potential  of  the  microbial  protease  inhibitors  as  tools  for  the 
investigation  of  intracellular  protein  degradation.  They  appeared 
to  be  relatively  non-toxic  thus  making  them  preferable  to  the 
synthetic  protease  inhibitors  such  as  iodoacetamide  or  phenylmethyl- 
sulphonylf louride .  Furthermore,  their  high  degree  of  specificity 
could  conceivably  permit  at  least  tentative  identification  of 
intracellular  sites  of  action  and  from  this  information  it  may  in 
turn  be  possible  to  identify  functional  components  of  the  degrada- 
tive  machinery.  Also,  successful  inhibition  of  protein  degradation 
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might  result  in  the  accumulation  of  proteolytic  intermediates 
allowing  for  the  elucidation  of  degradation  pathways  for  individ¬ 
ual  proteins  or  groups  of  proteins  such  as  the  myofibril. 

Based  on  these  considerations,  a  study  of  the  effects  of 
leupeptin  and  pepstatin  on  protein  breakdown  in  skeletal  muscle 
was  proposed.  Although  it  would  have  been  desirable  to  carry  out 
these  studies  in  vivo,  the  technical  difficulties  involved  in 
specifically  directing  the  inhibitors  to  the  muscle,  precluded  this 
approach  and  a  suitable  in  vitro  model  was  therefore  sought.  In 
selecting  such  a  model,  a  number  of  basic  criteria  that  were  con¬ 
sidered  important  were  defined.  First  it  was  felt  that  the  model 
should  contain  a  high  proportion  of  well  differentiated  muscle 
fibres  as  free  as  possible  from  contamination  by  non-muscle  cell 
types.  Secondly,  the  inhibitors  should  have  good  access  to  all  the 
cells  in  the  preparation.  This  would  not  only  facilitate  their  up¬ 
take  but  it  would  also  ensure  more  uniform  exposure  of  all  cells 
to  the  inhibitors  thus  avoiding  the  possibility  of  untreated  regions 
which  could  give  rise  to  inconsistencies  and  sources  of  variation. 

In  addition,  the  system  should  be  capable  of  surviving,  in  a  healthy 
state,  for  periods  of  several  days  and  possibly  weeks.  This 
characteristic  was  thought  important  since  muscle  proteins  are  known 
to  turnover  relatively  slowly  (Waterlow  et  al.,  1978).  Consequently 
any  effects  of  the  inhibitors  may  require  periods  of  several  days 
before  they  become  detectable.  A  final  consideration  was  that  the 
system  should  be  amenable  to  the  analytical  techniques  required  to 
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investigate  the  effects  of  the  inhibitors  on  protein  degradation. 
Specifically  it  should  be  possible  to  carry  out  biosynthetic  label¬ 
ling  and  to  isolate  the  labelled  proteins  for  subsequent  analysis 
by  a  variety  of  techniques. 

In  the  experiments  carried  out  by  Libby  and  his  colleagues 
(Libby  and  Goldberg,  1978;  Libby  et  al . ,  1979),  skeletal  and  cardiac 
muscle  preparations  derived  from  growing  rats  and  fetal  mice  were 
used.  Neither  of  these  preparations  were  entirely  suited  to  my 
needs.  Both  types  of  preparations  contained  a  proportion  of  non¬ 
muscle  cells,  although  the  skeletal  muscle  preparations  were  chosen 
so  as  to  be  homogenous  for  muscle  fibre  type.  In  addition  uniform 
uptake  of  the  inhibitors  was  almost  certainly  dependent  upon 
diffusion  since  these  preparations  were  composed  of  tissue  pieces 
several  cell  layers  thick.  This  problem  may  have  been  particularly 
relevant  to  the  skeletal  muscle  preparations,  since  they  were  only 
capable  of  being  maintained  in  vitro  for  a  few  hours,  a  period 
which  may  not  have  been  sufficient  to  allow  for  adequate  penetration 
by  the  inhibitors.  The  fetal  cultures  on  the  other  hand  could  be 
maintained  for  several  days.  However  as  pointed  out  by  Libby  et  al., 
(1979)  the  tissue  exhibited  a  very  strong  negative  nitrogen  balance 
and  atrophied  quite  markedly  throughout  the  experimental  period. 

The  state  of  health  of  this  preparation  and  its  value  as  a  model  for 
studies  of  normal  intracellular  protein  degradation  is  therefore 
questionable.  Another  problem  with  these  systems  was  that  the 
results  were  subject  to  variations  between  animals,  since  only  one 
or  at  most  two  (contralateral  muscles)  preparations  could  be  obtained 
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from  a  single  animal.  Finally,  proteolysis  was  estimated  from  the 
rate  of  release  of  tyrosine  into  the  incubation  medium,  and  inhibi¬ 
tion  was  evaluated  from  significant  reductions  in  this  rate.  It 
is  however  conceivable  that  reductions  in  the  rate  of  trysine  re¬ 
lease  could  have  resulted  from  the  action  of  the  inhibitors  on  pro¬ 
cesses  other  than  the  proteolytic  mechanisms  of  the  cell.  Even  if 
this  were  not  true,  measurement  of  tryosine  release  could  only  serve 
as  an  estimate  of  the  total  protein  degradation  in  the  cell  and 
could  in  no  way  be  used  to  study  the  breakdown  of  individual  pro¬ 
teins  such  as  the  myofibrillar  proteins.  A  more  direct  measurement 
of  proteolysis  involving  the  proteins  themselves  would  be  preferable. 
For  these  reasons  alternative  in  vitro  models  of  skeletal  muscle 
were  sought. 

From  the  point  of  view  of  the  need  for  long  term  maintenance, 
the  choice  of  systems  was  actually  quite  limited.  The  only  systems 
which  appeared  capable  of  satisfying  this  requirement  were  the  tissue 
culture  systems,  the  most  accessible  of  which  was  that  derived  from 
chick  embryos  (Hauschka,  1972) .  In  recent  years  muscle  tissue 
culture  has  been  used  extensively  as  an  in  vitro  model  of  myogenesis 
(Hauscha,  1972;  Konigsberg,  1963;  Holtzer  et  al.,  1975).  Consequent¬ 
ly  most  of  the  studies  carried  out  on  these  systems  concentrated  on 
events  surrounding  the  fusion  process  which  occurs  during  the  early 
stages  of  culture  (between  48  and  72  hours  in  the  system  used  in 
this  study) .  The  system  has  attracted  considerably  less  interest 
as  a  model  for  studies  of  differentiated  muscle.  However  it  is 
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apparent  from  the  developmental  work  that  under  appropriate  condi¬ 
tions  the  embryonic  cells  attach  and  grow  as  a  monolayer  to  form 
multinucleated ,  cross-striated  myotubes,  which  are  capable  of  sur¬ 
vival  for  periods  of  up  to  several  weeks  (Hauschka,  1972).  That 
these  cells  can  remain  healthy  for  most  of  this  period  is  suggested 
not  only  by  their  morphological  appearance  but  also  by  their  ability 
to  incorporate  labelled  percursors  into  the  cellular  proteins 
indicating  an  active  synthetic  machinery  (Devlin  and  Emmerson, 

1978) . 

There  were  however  a  number  of  disadvantages  to  the  culture 
system,  some  of  which  were  overcome  during  the  course  of  this  study. 
First  of  all  in  very  general  terms,  it  is  important  to  bear  in  mind 
that  cultured  muscle  exists  in  an  environment  which  is  radically 
different  from  its  natural  state,  and  that  extrapolation  of  results 
from  this  system  to  muscle  in  vivo  can  only  be  made  with  extreme 
caution,  if  at  all.  Among  the  many  differences  which  exist,  the 
absence  of  an  anatomically  distinct  innervation  and  a  normal  blood 
supply,  may  be  fundamental  in  producing  important  differences 
between  muscle  in  vivo  and  that  maintained  in  vitro.  More  specific¬ 
ally  the  presence  of  contaminating  non-myogenic  tissue,  is  a  chronic 
problem  which  becomes  increasingly  important  with  the  age  of  the 
culture.  This  difficulty  can  be  overcome  to  some  extent  by  the  use 
of  preplating  techniques  and  drugs  such  as  cytosine  arabinoside 
which  specifically  eliminates  actively  dividing  cells  (Fischbach, 
1972;  Dryden,  Erulkar  and  de  la  Haba,  1974).  It  should  however  be 
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stressed  that  in  evaluating  data  from  these  cultures  the  in¬ 
fluences  of  possible  contributions  from  this  source  should  be  taken 
into  consideration.  From  a  practical  point  of  view,  it  was  antici¬ 
pated  that  the  very  small  amounts  of  cellular  material  present 
in  a  single  culture,  could  give  rise  to  problems  of  obtaining 
sufficient  quantities  of  material  for  analysis.  In  particular  the 
prospects  of  obtaining  a  reasonably  pure  preparation  of  myofibrils 
were  not  altogether  certain.  Although  this  difficulty  was  even¬ 
tually  resolved  in  a  fairly  straightforward  manner  it  proved  to  be 
one  of  the  most  difficult  problems  encountered  during  the  course 
of  the  study. 

In  view  of  the  ultimate  objectives  of  the  study  ie.  to 
investigate  myofibrillar  degradation,  initial  experiments  were 
carried  out  in  order  to  optimize  culture  conditions  for  the  develop¬ 
ment  and  long  term  maintenance  of  well  differentiated,  cross-striat¬ 
ed,  contracting  myotubes.  The  use  of  initial  plating  densities  as 
high  as  12x10^  cells/90  mm  plate  resulted  in  cultures  which  under¬ 
went  rapid  differentiation,  but  exhibited  poor  long  term  survival, 
and  in  general  tended  to  become  over-grown  by  fibroblasts  after  a 
few  days.  It  was  not  therefore  possible  to  increase  the  amount  of 
muscle  in  the  cultures,  by  increasing  the  size  of  the  initial 
innoculum.  Optimal  plating  densities,  in  terms  of  development, 

survival  and  lack  of  contamination  were  found  to  be  about  3-6  x 
£ 

10°  cells/90  mm  plate.  Cultures  prepared  in  this  way  were  essen- 

g 

tially  identical,  therefore  a  plating  density  3x10  cells/90  mm 
plate  was  used  throughout  to  minimize  the  amount  of  starting 
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material  necessary.  Several  variations  of  the  media  composition 
were  also  tested.  The  most  important  factor  found  in  this  re¬ 
spect  was  the  batch  of  horse  serum  used.  Considerable  variation 
in  the  ability  of  different  batches  to  support  myogenesis  and 
maintain  differentiated  muscle  was  noted  (Hauschka,  1972)  .  Con¬ 
sequently  routine  screening  of  several  batches  of  serum  was  carried 
out  before  selecting  the  best  for  use  in  experiments.  As  far  as  it 
was  possible  the  same  batch  of  serum  was  used  throughout  any  given 
experiment  to  minimize  this  as  a  source  of  variation.  With  regard 
to  the  other  components  of  the  medium,  rooster  serum  was  used 
because  of  its  reported  value  as  a  source  of  "muscle  trophic  factor," 
shown  by  Ozawa  (1977,  1978a,  1978b),  to  be  effective  in  the  mainten¬ 
ance  of  differentiated  chick  muscle  cultures.  In  addition  it  was 
noted,  in  agreement  with  the  observation  of  Coleman  et  al.,  (1978), 
that  the  use  of  NC  60/40  madium  resulted  in  cultures  which  contain¬ 
ed  a  high  proportion  of  cross-striated  myotubes  whose  appearance  was 
superior  to  those  obtained  using  alternative  types  of  basal  medium. 

In  terms  of  the  method  of  preparation  of  the  cell  suspension  two 
factors  were  found  to  be  important.  As  shown  previously  by  Bullaro 
and  Brookman  (1976)  cell  suspensions  prepared  by  enzymatic  dissoci¬ 
ation  i.e.  trypsinization,  generally  resulted  in  cultures  whose 
quality  with  respect  to  development  and  maintenance  were  poorer  than 
those  prepared  by  mechanical  dissociation  i.e.  use  of  a  vortex. 
Bullaro  and  Brookman  (1976)  attributed  part  of  this  difference  to 
differences  in  the  viability  of  the  cell  suspensions.  Initially 
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cell  suspensions  obtained  by  trypsinization  were  found  to  have 
higher  visability  (80-90%) ,  but  by  24  hours  in  culture  the  via¬ 
bility  of  these  cells  was  less  than  30%.  In  contrast  suspensions 
obtained  by  mechanical  dissociation  although  of  initially  lower 
viability  (40-50%)  did  not  deteriorate  further  during  culture.  Thus 
it  appears  that  cells  prepared  by  enzymatic  dissociations  may  be 
irreversibly  damaged  and  undergo  slow  death  in  culture.  Interest¬ 
ingly,  it  has  been  suggested  that  the  variability  in  the  quality  of 
different  batches  of  horse  serum  already  mentioned,  may  be  related 
to  their  ability  to  inhibit  the  activity  of  the  dissociating  enzyme 
(Wallis  et  al.,  1969).  However,  since  variations  in  the  quality  of 
the  serum  are  also  noted  when  mechanically  dissociated  cells  are 
used,  serum  components  other  than  its  inhibitory  agent  must  also 
be  involved.  The  other  factor  which  was  found  to  be  important  in 
obtaining  good  cell  suspensions  for  culture  was  the  use  of  preplat¬ 
ing  prior  to  innoculation  of  the  dishes.  This  method  is  widely  used 
(Hauschka,  1972)  to  enrich  the  cell  suspensions  for  myoblasts  by 
selectively  removing  non-myogenic  cells,  largely  fibroblasts,  which 
attach  more  rapidly  than  the  myoblasts.  Failure  to  use  this  step 
usually  resulted  in  cultures  of  poorer  quality,  especially  with  re¬ 
spect  to  long  term  maintenance. 

Identical  procedure  were  used  in  the  preparation  of  cultures 
from  dystrophic  embryos.  In  contrast  to  the  results  obtained  by 
Askanas  et  al.,  (1971)  and  Allen  and  May  (1979),  we  were  unable  to 
demonstrate  any  significant  differences,  with  respect  to  the 
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morphology  of  growth  and  development,  between  normal  and 
dystrophic  cultures.  However,  these  authors  used  breast  muscle 
as  the  source  of  the  tissue  in  contrast  to  the  leg  muscle  used 
in  the  present  study.  Although  no  fibre  type  differentiation  was 
noted  in  cultures  of  normal  breast  or  leg  muscle  (Askanas,  et  al . , 
1972),  the  fact  that  the  leg  muscles  tend  to  be  less  severely 
affected  than  the  breast  muscle  cannot  be  discounted  as  the  source 
of  disagreement  with  Askanas  et  al.,  (1971).  A  more  definitive 
study  on  the  culture  of  leg  and  breast  muscle  from  dystrophic 
embryos  is  required  to  resolve  this  point. 

B .  Myofibril  Isolation  Procedure 

The  basic  problem  to  be  overcome  in  devising  a  procedure  for 
the  isolation  of  myofibrils  from  muscle  cultures  is  that  as  a  con¬ 
sequence  of  the  small  amounts  of  starting  material  it  is  necessary 
to  minimize  losses  in  order  to  obtain  sufficient  material  for 
analysis.  The  studies  presented  here  indicate  that  the  major  source 
of  losses  which  occurred  using  reported  procedures  (La  Grange  and 
Low,  1975;  Bester  and  Gevers,  1976;  Allen  et  al.,  1978)  were  due  to 
extensive  shortening  of  the  myofibrils  which  resulted  in  detachment 
from  the  culture  dish.  It  was  found  that  this  problem  could  be 
overcome  by  use  of  a  procedure  to  induce  rigor  requiring  the  use  of 
the  non-ionic  detergent,  triton-X  100.  This  reagent  is  widely  used 
in  protein  chemistry  and  has  previously  been  used  in  the  isolation 
of  myofibrils  (Kohn,  1969;  Zak  et  al.,  1972;  Etlinger  and  Fischman, 
1973;  Bester  and  Gevers,  1976;  Allen  et  al . ,  1978).  Striated  muscle 


fibers  in  culture  when  treated  in  this  way  became  quite  obviously 
rigid  and  retained  a  high  degree  of  structural  organization , ' as 
indicated  by  the  distinct  cross-striations .  The  mechanism  of  this 
"rigor"  induction  is  unknown  but  it  is  most  likely  the  result  of 
selective  solubilization  of  non-myof ibrillar  components  containing 
lipid  such  as  membranes  by  the  triton-XlOO  buffer  (Etlinger  and 
Fischman,  1973;  Etlinger,  et  al . ,  1976).  The  action  of  the  deter¬ 
gent  probably  results  in  dissolution  of  the  sarcolemma  and  subse¬ 
quent  solubilization  of  the  intracellular  membrane  system  and  sar¬ 
coplasmic  lipoproteins,  leaving  the  structural  elements  relatively 
undisturbed.  Presumably  the  failure  of  the  detergent  to  solubilize 
the  myofibrils  is  a  consequence  of  the  lack  of  phospholipids  in  the 
myofibril  structure  (Etlinger  and  Fischman,  1973) .  Included  in 
these  components  which  are  released  from  the  cytosol  by  the 
solubilization  of  retaining  membrane  will  be  ATP.  Thus  the  loss  of 
ATP  or  at  least  its  considerable  dilution  by  the  detergent  treatment 
could  result  in  the  induction  of  rigor  as  envisaged  by  Goll  et  al., 
(1970)  in  post  mortem  muscle.  The  observation  that  the  presence  of 
ATP  (2  mM)  in  the  RIB,  results  in  rapid  and  extensive  contraction 
of  the  myotubes  would  tend  to  support  this  sxiggestion.  It  is  note¬ 
worthy  that  the  rapid  shortening  in  the  presence  of  ATP  was  not 
prevented  by  the  use  of  EDTA  (to  chelate  Ca++)  in  the  RIB  or  even 
pretreatment  with  EDTA  suggesting  that  the  Ca*"*"  mediated  regulation 
of  muscle  contraction  (Ebashi  et  al.,  1969)  was  either  too  rapidly 
activated  for  the  chelator  to  be  effective  or  the  regulatory  system 
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was  inactive  in  these  cross-striated  myotubes,  (Hitchcock,  1970). 

This  latter  suggestion  may  be  related  to  the  failure  to  observe 
significant  quantities  of  TN-C  and  TN-I  on  the  gels. 

The  fact  that  the  tissue  remained  attached  to  the  dish  after 
induction  of  rigor  (which  would  presumably  have  removed  the  sarco- 
lemma)  indicated  that  some  detergent  insoluble  material  was  in¬ 
volved  in  anchorage  of  the  cells.  This  was  most  probably  collagen 
which  has  been  shown  to  form  an  extensive  extracellular  network  in 
mature  muscle  fibers  (Borg  and  Caulfield,  1980).  In  addition  this 
would  account  for  the  need  to  use  the  collagenas.e  treatment  as  a 
method  of  detachment.  One  of  the  shortcomings  of  the  procedure  was 
the  need  to  use  this  enzymatic  method  of  detachment,  since  the 
presence  of  non-specific  contaminating  proteinases  in  the  colla- 
genase  preparation  could  have  given  rise  to  proteolytic  attack  of 
the  myofibrils  during  isolation.  It  is  well  known  that  many  of  the 
myofibrillar  proteins  particularly  the  Z-line  are  sensitive  to  trypsin 
(Harsanyi  and  Garamvolgyi,  1969)  the  principal  contaminating  activity 
(trypsin-like) .  It  is  therefore  possible  that  a  limited  degree  of 
proteolysis  occurred  during  isolation  and  could  account  for  the 
unusually  low  levels  of  a-actinin  (Z-line)  and  absence  of  some  of 
the  regulatory  protein.  However  the  low  level  of  these  contaminants 
in  the  collagenase  preparation  and  the  short  exposure  time  (5  minuted 
would  tend  to  argue  against  extensive  proteolysis  from  this  source. 

The  yield  of  myofibrils  was  also  dependent  on  the  mechanical 
force  used  to  homogenize  the  detached  material.  Thus  more  vigorous 
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procedures  resulted  in  a  complete  loss  of  myofibrils  as  judged  by 
phase  contrast  examination,  while  gentler  disruption  gave  the 
typical  single  sarcomere/short  fragment  mixture  shown  in  Figure  17. 
This  suggested  that  these  culture  myofibrils,  unlike  those  obtained 
from  adult  muscle,  may  have  been  less  structurally  sound  and  there¬ 
fore  more  susceptible  to  these  treatments.  Such  lack  of  structural 
integrity  could  be  due  to  the  fact  that  these  are  relatively  young 
myofibrils  in  the  sense  that  they  were  only  recently  assembled  with¬ 
in  the  cells  from  which  they  were  derived.  Consequently  there  may 
not  have  been  sufficient  time  to  consolidate  the  structure  through 
establishment  of  all  the  necessary  intramyof ibrillar  structural 
links  to  the  extent  they  occur  in  more  mature  systems.  The  relative 
consistency  of  the  myofibril  composition  after  day  6  or  7  would 
suggest  that  all  of  the  components  are  present  but  the  results  of 
such  analysis  cannot  reveal  any  information  about  the  nature  of  the 
forces  involved  in  maintaining  the  structure.  In  addition  the  dis¬ 
tinct  structural  differences  in  myofibrils  from  red  and  white  muscle 
(Gauthier,  1970)  suggest  that  neurotrophic  influences,  not  present 
in  the  cultures,  may  have  a  role  to  play  in  consolidation  of  myo¬ 
fibrillar  integrity.  Alternatively  it  is  possible  that  the  observed 
fragility  was  a  consequence  of  proteolysis  during  isolation  eg. 
collagenase  treatment,  leading  to  a  loosening  of  the  structure. 
However,  Kohn  (1969)  has  used  a  similar  purification  step  in  isolat¬ 
ing  myofibrils  from  adult  rat  skeletal  muscle  and  no  such  fragility 
was  observed  in  these  preparations.  Whatever  the  explanation  the 


fact  that  the  myofibrils  appeared  to  fracture  transversely  into 
short  fragments,  may  be  related  to  the  low  levels  of  a-actinin 
observed  on  the  gels. 

With  regard  to  the  electrophoretic  analysis  of  these  prepara¬ 
tions,  they  were  on  the  whole  similar  to  those  obtained  from  adult 
muscle  (Porzio  and  Pearson,  1977)  but  some  differences  were  noted 
which  deserve  comment.  Although  the  electrophoresis  method  used 
here  was  the  same  as  that  described  by  Porzio  and  Pearson  (1977), 
we  consistently  observed  better  penetration  of  our  samples,  partic¬ 
ularly  the  very  high  molecular  weight  material,  into  the  gels. 

These  intrinsic  differences  in  the  two  systems  may  have  been  a  result 
of  differences  in  the  purity  of  the  reagents  used.  Thus  although 
all  of  our  reagents  were  electrophoresis  grade,  Porzio  and  Pearson 
(1977)  repurified  several  of  these  materials  before  us.  Therefore 
the  presence  of  small  amounts  of  impurities  in  our  gels  may  have 
interfered  with  the  cross-linking  reaction  to  the  extent  that  our 
gels  were  more  porous.  In  this  context  it  was  noted  that  different 
batches  of  acrylamide  resulted  in  slightly  different  mobilities  of 
the  proteins  and  this  may  have  been  responsible  for  the  slight 
differences  noted  between  the  normal  and  dystrophic  myofibrils.  The 
lower  levels  of  myofibrillar  proteins  obtained  from  dystrophic  com¬ 
pared  to  normal  cultures  could  be  due  to  several  factors  including 
a  smaller  total  myofibrillar  pool  of  proteins  and  a  lower  efficiency 
of  extraction  in  dystrophic  cultures.  With  regard  to  these  sugges¬ 
tions  it  was  noted  that  the  levels  of  extractable  cell  protein  in 
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normal  and  dystrophic  cultures  between  7  and  IQ  days  of  age 
were  similar  but  that  dystrophic  cultures  appeared  to  contain 
slightly  more  fibroblasts  suggesting  that  the  muscle  proteins 
would  therefore  constitute  a  smaller  fraction  of  the  protein  in 
the  cultures.  In  addition  the  presence  of  higher  levels  of  con¬ 
taminating  fibroblasts  could  conceivably  interfere  with  the  iso¬ 
lation  procedure  and  reduce  the  yields  of  myofibrils  obtained. 

The  apparent  differences  between  the  normal  and  dystrophic  myo¬ 
fibrils  with  respect  to  actin  and  the  regulatory  proteins  TM  and 
TN-T  was  investigated  by  co-electrophoresis  of  normal  and  dys¬ 
trophic  samples  (results  not  shown) .  The  results  indicated  no 
differences  in  the  mobility  of  actin  but  were  inconclusive  with 
respect  to  the  regulatory  protein.  The  reason  for  this  was  that 
the  samples  used  in  co-electrophoresis  had  been  stored  (-70°C)  for 
some  time  before  analysis  with  the  results  that  the  levels  of 
regulatory  proteins  had  diminished  presumably  as  a  result  of 
proteolysis.  Therefore  further  investigation  will  be  required  to 
establish  whether  there  are  real  differences  between  the  proteins 
or  whether  the  observed  differences  are  an  artifact  of  electro¬ 
phoretic  analysis. 

In  terms  of  composition,  the  culture  myofibrils  differed  in 
several  respects  from  adult  preparations  analyzed  by  the  same  method. 
First  the  305K  component  has  not  previously  been  reported  and  it 
was  therefore  considered  that  it  may  in  fact  have  been  a  contaminant 
of  the  preparation.  However  since  it  formed  a  fairly  consistent 
fraction  of  the  material  on  the  gels  and  the  fact  that  it  exhibited 
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a  half-life  identical  to  other  myofibrillar  proteins  might  suggest 
that  it  is  an  intrinsic  component  of  the  myofibril.  In  addition 
the  virtually  universal  observation  (Porzio  and  Pearson,  1977; 
Etlinger  et  al. ,  1976)  of  very  high  molecular  weight  material  in 
adult  myofibril  preparations  and  the  recent  attempts  to  character¬ 
ize  this  fraction  (Wang  et  al.,  1979)  allow  for  the  possibility 
that  the  305K  component  is  part  of  this  fraction.  The  fact  that 
the  305K  component  does  not  correspond  directly  to  any  of  the 
proteins  reported  by  Wang  et  al.,  (1979)  could  mean  that  the  305K 
component  was  derived  by  proteolysis  which  has  been  shown  to  occur 
in  other  myofibril  isolation  procedures  (Etlinger  et  al.,  1976). 

In  this  context  the  140K  component  although  of  the  same  molecular 
weight  as  the  C-protein  (Porzio  and  Pearson,  1977)  is  present  in 
rather  higher  quantities  than  would  normally  be  expected.  Thus  this 
protein  could  be  a  fragment  of  a  higher  molecular  weight  protein 
(Porzio  and  Pearson,  1977;  Etlinger  et  al. ,  1975),  perhaps  derived 
from  the  same  source  as  the  305K  component.  In  the  attempts  to 
determine  at  which  stage  of  culture  development  the  composition  of 
the  myofibril  stabilized  it  was  noted  that  the  305K  component  was 
absent  in  the  very  early  post-fusion  period.  The  reason  for  this 
developmental  change  is  not  known  but  it  could  be  that  this  compon¬ 
ent  is  involved  in  the  assembly  of  the  myofibril.  However  further 
studies  will  be  required  to  confirm  or  refute  this  suggestion. 

C.  Inhibitor  Studies 

Treatment  of  the  cultures  with  the  inhibitors  was  based  on  the 
procedures  used  by  McGowan,  et  al.,  (1976).  These  worker  had  shown 
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that  the  inhibitors  at  concentrations  of  50  ug/ml,  were  effective 
in  delaying  degeneration  of  normal  and  dystrophic  chick  muscle  ex¬ 
plant  cultures,  as  judged  by  morphological  and  ultras tructural 
analysis.  Adherence  to  this  procedure  necessitated  the  use  of  a 
higher  molar  concentration  of  leupeptin  (104.2  uM) .  Pepstatin  is 
of  limited  solubility  in  water  (Umezawa  et  al.,  1970),  but  this 
problem  was  overcome  by  titrating  an  aqueous  suspension  of  the 
free  acid  with  sodium  hydroxide.  This  resulted  in  an  almost  in¬ 
stantaneous  solubilization  of  the  pepstatin  suspension,  undoubtedly 
due  to  the  formation  of  the  more  soluble  sodium  salt  (Umezawa  et  al. , 
1970).  Stable  stock  solutions  with  concentrations  as  high  as  8 
mg/ml  could  be  prepared  in  this  way.  Subsequently  it  was  found 
that  this  procedure  was  essential  for  obtaining  inhibition  of  pro¬ 
tein  degradation  by  pepstatin  in  the  cultures.  The  failure  of 
others  in  the  past  (Libby  and  Goldberg,  1978;  Libby  et  al.,  1979; 
Lockshin,  1975)  to  observe  inhibition  with  pepstatin  may  well  have 
been  due  to  their  use  of  different  procedures  to  solubilize  pepstatin. 

In  contrast  to  the  protective  action  of  these  inhibitors  on 
chick  cultures  reported  by  McGowan  et  al.  (1976),  the  present  study 
revealed  either  no  observable  differences  or,  in  the  case  of  dys¬ 
trophic  cultures  treated  with  both  inhibitors  simultaneously,  degen¬ 
eration  of  the  tissue.  These  differences  cannot  be  accounted  for 
in  terms  of  differences  in  the  types  of  culture  systems  used  i.e. 
monolayer  vs.  explant,  since  the  previous  authors  claimed  that 
similar  results  were  obtained  using  monolayer  cultures.  One  possi¬ 
bility,  at  least  in  terms  of  treatments  with  a  single  inhibitor,  is 
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that  the  effects  observed  by  McGowan  et  al.,  (1976)  occurred  over 
a  period  of  weeks,  whereas  in  this  study  cultures  were  exposed  to 
the  inhibitors  for  a  maximum  of  72  hours.  The  degenerative  effect 
produced  by  the  combined  use  of  the  inhibitors  on  dystrophic 
cultures  is  an  observation  not  reported  previously.  It  was  also 
noted  that  the  sensitivity  to  this  effect  increased  with  the  age 
of  the  cultures,  a  fact  which  accounted  for  our  inability  to  obtain 
an  acceptable  preparation  of  myofibrils  from  72  hour  treated 
cultures.  Since  dystrophic  cultures  were  not  tested  with  single 
inhibitors  at  double  their  normal  concentrations  i.e.  100  ug/ml, 
it  is  not  clear  whether  the  degenerative  effect  was  simply  due  to 
an  increase  in  the  total  inhibitory  capacity  in  the  medium  or  whether 
there  was  a  specific  requirement  for  the  presence  of  both  inhibitors. 
In  either  event  the  combined  use  of  the  inhibitors  was  clearly  toxic 
to  the  dystrophic  muscle.  As  already  mentioned,  proteolysis,  in 
general,  appears  to  be  a  fundamental  aspect  of  the  cells'  normal 
activities,  and  it  could  be  that  in  this  case  the  combined  inhibi¬ 
tors  blocked  these  fundamental  processes  to  the  extent  that  uninhibi- 
ed  proteolytic  pathways  became  unusually  active,  or  synthetic 
activities  were  also  suppressed  resulting  in  the  observed  degenera¬ 
tion.  Perhaps  the  most  interesting  aspect  of  this  phenomenon  is  that 
it  was  never  seen  in  normal  cultures.  This  would  suggest  that  if  the 
inhibitors  are  acting  on  the  same  systems  in  the  normal  cultures, 
then  this  tissue  is  not  as  critically  dependent  upon  these  systems 
for  survival.  However,  since  the  normal  embryos  used  to  prepare 
cultures  were  not  the  precise  genetic  control  for  the  dystrophic 
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strain  it  is  possible  that  differences  unrelated  to  the  dys¬ 
trophic  mutation  could  account  for  the  differences  with  respect 
to  sensitivity  to  both  inhibitors. 

As  a  preliminary  study,  the  effects  of  the  inhibitors  on 
the  intracellular  degradation  of  the  TCA  precipitable  fraction 
of  extractable  cell  protein  were  investigated.  The  isotope  de¬ 
cay  method  was  used  because  it  provided  a  direct  and  relatively 
simple  measurement  of  protein  degradation  in  the  cultures.  There 
were  however  a  number  of  problems,  both  technical  and  theoretical, 
associated  with  this  approach.  The  principle  of  the  isotope 
decay  method  is  based  on  the  idea  that  loss  of  radioactivity 

from  the  protein  pool  occurs  as  a  result  of  degradation  (Doyle 

\ 

and  Tweto,  1975).  Kinetic  data  obtained  by  this  method  is  sub¬ 
ject  to  error  due  to  recycling  of  labelled  precursor  released 
during  degradation  and  gives  rise  to  apparently  longer  half-lives 
(Zak  et  al.,  1979).  This  criticism  is  especially  important  when 
absolute  values  of  degradation  are  required.  Recycling  can  be 
overcome  to  some  extent  by  increasing  the  concentration  of  un¬ 
labelled  precursor  in  the  system,  as  was  done  in  this  study.  Thus 
through  a  process  of  dilution  the  chances  of  label  being  recycled 
are  decreased.  A  possible  disadvantage  of  the  use  of  high  extra¬ 
cellular  methionine  concentrations  was  that  it  could  interfere 
with  amino  acid  transport.  Although  this  has  been  shown  to  occur 
in  other  systems  (Christensen,  1964),  the  concentration  required 
was  greater  that  2mM  (the  concentration  used  in  the  present  study). 
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In  addition  other  workers  have  used  similar  protocols  in  cultured 
muscle  (Devlin  and  Emmerson,  1978;  Whalen  et  al.,  1976)  without 
reporting  any  interference  of  amino  acid  transport.  Furthermore 
in  the  experiments  reported  here,  the  controls  were  also  subject¬ 
ed  to  these  high  levels  of  methionine. 

With  regard  to  the  technical  aspects  of  these  experiments 
several  points  deserve  comment.  Estimating  degradation  through 
direct  measurements  of  the  protein  fraction  necessitated  the  use 
of  destructive  sampling  techniques.  Consequently  only  a  single 
measurement  could  be  carried  out  on  each  plate  and  therefore 
multiple  determinations  were  required  to  establish  individual 
points  on  the  decay  curves.  Uncontrolled  variations  between 
plates  were  therefore  potential  sources  of  errors  in  these 
measurements.  Some  factors  considered  as  likely  sources  of  such 
variations  were,  differences  in  the  size  of  the  original  innocu- 
lum,  detachment  of  cells  during  culture,  and  variable  losses 
during  washing  prior  to  extraction.  However,  the  consistency 
of  the  protein  yields/plate  tend  to  suggest  that  such  possibil¬ 
ities  did  not  occur  or  that  if  they  did  they  were  fairly  re- 
producible  between  individual  plates.  The  choice  of  S-meth- 
ionine  as  a  labelled  precursor  was  based  primarily  on  the  facts 
that  it  had  been  shown  by  others  (Devlin  and  Emmerson,  1978; 
Whelan  et  al.,  1976)  to  be  suitable  for  use  in  protein  labelling 
experiments  in  muscle  cultures  and  that  it  was  relatively  in¬ 
expensive.  It  was  anticipated  that  since  muscle  proteins  are 
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known  to  turnover  slowly  it  may  be  necessary  to  follow  loss  of 

y 

radioactivity  for  extended  periods  (days)  .  This  would  require 
initially  high  levels  of  labelling  in  the  cellular  proteins  which 
in  turn  would  require  the  use  of  relatively  large  amounts  of  iso¬ 
tope  .  Initially  high  levels  of  labelling  could  also  be  achieved 
by  labelling  for  a  sufficiently  long  period  (24  hours  in  this 
study) .  This  would  have  the  added  advantage  of  ensuring  label¬ 
ling  of  the  more  slowly  turning  over  proteins  e.g.  myofibrillar 
and  avoid  problems  of  selective  labelling  of  more  rapidly  turn¬ 
ing  over  proteins  which  might  occur  with  shorter  labelling 
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periods.  A  problem  associated  with  the  use  of  S-methionine 
as  a  label,  in  accordance  with  earlier  studies  of  muscle  pro¬ 
tein  metabolism  in  culture  (Whalen  et  al . ,  1976;  Emmerson,  1977; 
Devlin  and  Emmerson,  1978) ,  was  the  possibility  of  contamination 
of  the  protein  precipitates  with  methionine  charged  t-RNA.  Brief 
treatment  of  the  protein  extracts  with  base,  to  release  the 
methionine  from  the  t-RNA,  was  therefore  used  in  an  attempt  to 
avoid  this  difficulty.  Finally  the  extraction  procedure  did  not 
allow  for  discrimination  between  proteins  of  different  cellular 
origins  and  the  results  obtained  were  therefore  influenced  to  an 
unknown  extent,  by  the  presence  of  contaminating  non-myogenic 
tissue  in  the  cultures.  The  only  estimates  of  contaminants  which 
were  obtained  were  from  morphological  examinations,  which 
indicated  that  the  cultures  were  not  seriously  contaminated  but 
that  the  problem  was  increasingly  obvious  with  the  age  of  the 


culture.  As  a  consequence  samples  obtained  in  the  latter  stages 
of  the  experiment  would  have  been  more  influenced  by  this  factor. 

The  non-linearity  of  the  control  curves  from  normal  cultures 
(Figure  12)  is  in  contrast  to  the  general  observation  that  intra¬ 
cellular  protein  degradation  is  a  first  order  process  (Schimke, 
1975;  Schimke  and  Bradley,  1976).  This  non-linearity  may  re¬ 
flect  the  complexity  of  the  protein  mixture  in  the  precipitates 
and  also  the  fact  that  the  cultures  were  not  in  a  steady  state, 
as  indicated  by  the  protein  determinations,  (Table  6).  The 
presence  of  DMSO  did  not  alter  the  shape  of  the  curve,  suggest¬ 
ing  that  it  had  no  effect  on  degradation  in  these  studies.  In 
agreement  with  results  obtained  by  others  using  both  rat  and 
mouse  skeletal  muscle  preparations  (Libby  and  Goldberg,  1978; 
Kameyama  and  Etlinger,  1979),  leupeptin  was  found  to  inhibit 
protein  degradation  in  the  cultures.  The  extent  of  inhibition, 
as  measured  in  the  cultures,  was  less  than  half  of  that  obtained 
by  Libby  and  Goldberg  (1978)  in  their  studies.  Several  factors, 
including  differences  in  the  muscle  preparation  and  the  assay 
systems  used  could  account  for  this  discrepancy. 

An  interesting  observation,  not  made  in  the  shorter  term 
studies  of  Libby  and  Goldberg  (1978)  was  that  the  effects  of  the 
inhibitors  appeared  to  diminish  with  time.  The  effect  can  be 
seen  most  clearly  by  comparing  the  difference  in  the  slopes, 
(expressed  by  Acpm/hour  of  the  control  and  treatment  curves) in 
the  two  intervals  0-24  hours  and  24-72  hours  (Table  16) .  In 
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TABLE  16 

RATE  OF  DIVERGENCE  OF  CONTROL  AND  TREATMENT  DECAY  CURVES  AS 
ESTIMATED  FROM  SLOPES  (ACPM/hour  NORMAL) 


0-24  hrs 

24-72  hrs 

Leupeptin 

(L) 

390 

42 

Pepstatin 

(P) 

331 

41 

P  +  L 

695 

19 

Values  shown  are  the  difference  between  control  and 
treatment  values  for  slope  (ACPM/hours)  given  in  Table  4. 


any  given  time  interval  the  differences  in  the  slopes  will  be 
an  estimate  of  the  differences  in  the  rates  of  protein  degrad¬ 
ation  under  control  and  treatment  conditions,  which  in  turn  will 
be  a  measure  of  the  degree  of  inhibition.  Thus,  when  the  curves 
are  parallel  i.e.  equal  slopes,  the  difference  is  zero  indicatin 
there  is  no  inhibition.  As  can  be  seen  from  Table  16  there  was 
a  marked  decline  in  the  degree  of  inhibition  obtained  with  all 
three  treatments.  Two  possible  explanations  of  the  phenomenon 
can  be  envisaged.  First  of  all,  the  amount  of  inhibitor  in  the 
medium  may  have  become  depleted  during  the  course  of  the  experi¬ 
ment.  However,  as  shown  by  the  dose  response  curve  the  levels 
of  inhibition  obtained  with  half  of  the  starting  concentration 
i.e.  25  ug/ml  actually  resulted  in  slightly  higher  levels  of 
inhibition.  Thus,  the  amount  of  leupeptin  remaining  in  the 
medium  would  have  had  to  decrease  by  a  considerable  proportion 
( <50% )  to  account  for  the  observed  decrease  in  inhibition.  If 
this  is  not  the  case,  then  the  results  would  suggest  that  the 
cells  had  adapted  or  developed  a  resistance  to  the  sustained 
presence  of  the  inhibitors.  Several  general  schemes  concerning 
the  nature  of  this  resistance  can  be  proposed.  In  the  first 
instance  the  cells  may  have  induced  specific  metabolic  pathways 
as  a  means  of  detoxification,  or  the  inhibitors’  activity  may 
have  been  neutralized  extracellularly ,  perhaps  through  inter¬ 
action  with  substances  secreted  into  the  medium.  On  the  other 
hand,  the  putative  resistance  may  have  been  more  indirect  in 
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that  the  cells,  as  a  compensatory  response  activated  leupeptin 
insensitive  catabolic  mechanisms  or  simply  increased  the 
activity  of  the  inhibited  system.  With  regard  to  this  latter 
suggestion,  Libby  et  al . ,  (1979)  reported  increased  levels  of 
cathepsin  B  activity,  (a  likely  site  of  action  for  leupeptin) 
in  cultured  fetal  mice  hearts,  treated  with  leupeptin.  The 
response  was  specific  in  that  none  of  the  other  proteases  assay¬ 
ed  showed  similar  increases  in  the  presence  of  leupeptin,  and  it 
was  suggested  that  this  might  be  a  compensatory  increase  due  to 
a  sustained  exposure  to  leupeptin.  In  their  earlier  studies  of 
rat  and  mouse  skeletal  muscle,  (Libby  and  Goldberg,  1978)  no 
such  increases  in  cathepsin  B  were  noted.  However,  since  the 
duration  of  these  experiments  was  only  a  few  hours,  there  may 
not  have  been  sufficient  time  for  this  effect  to  become  apparent. 
The  decrease  in  inhibition  with  respect  to  time  observed  in  the 
present  study  may  well  be  a  manifestation  of  similar  phenomena 
in  the  cultured  skeletal  muscle.  Some  of  the  possible  explana¬ 
tions  proposed  here  could  be  tested  by  monitoring  changes 
(decreases)  in  the  inhibitory  activity  of  the  medium  through¬ 
out  the  experiment  and  by  determining  whether  fresh  additions 
of  leupeptin  to  previously  treated  cells  could  restore  inhibition 
to  the  original  levels.  Constraints  of  time  prohibited  carrying 
out  these  experiments.  In  any  event  whatever  the  explanation  it 
appears  that  longer  term  treatments  with  leupeptin  do  not  result 
in  a  simple  inhibition  of  protein  degradation  only,  but  probably 
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set  in  motion  a  complex  sequence  of  events  presumably  destined 
to  restore  the  cell  to  its  normal  metabolic  equilibrium. 

As  estimated  by  the  extractable  cell  protein  method  pep- 
statin  was  found  to  produce  very  similar  levels  of  inhibition 
to  that  obtained  with  leupeptin  (Table  4).  This,  as  far  as  I  am 
aware,  is  the  first  report  of  successful  inhibition  of  protein 
degradation  by  pepstatin  in  a  muscle  system  and  is  in  contrast 
to  the  results  obtained  by  others  (Libby  and  Goldberg,  1978; 
Libby  et  al . ,  1979;  Lockshin,  1975).  The  very  close  parallel 
between  the  decay  curves  obtained  for  pepstatin  and  leupeptin 
treatment  suggests  that  both  of  these  inhibitors  elicited  very 
similar  responses  from  the  cultured  cells  and,  therefore,  pep¬ 
statin  would  also  be  subject  to  the  considerations  already 
discussed  for  leupeptin.  However,  in  view  of  their  very  differ¬ 
ent  specificities  with  respect  to  inhibition  of  proteases 
(Umezawa,  1971;  Barrett,  1974),  it  seems  unlikely  that  they 
were  producing  these  effects  through  action  on  precisely  the 
same  sites.  This  question  of  two  distinct  sites  of  action  was 
also  raised  by  the  increase  produced  by  the  combined  use  of  the 
inhibitors.  The  results  of  the  dose  response  study  indicated  no 
significant  changes  in  inhibition  when  the  concentration  of 
inhibitor  was  increased  from  50-100  ug/ml.  Thus,  in  the  con¬ 
centration  range  50-100  ug/ml  both  inhibitors  appeared  to  be 
producing  close  to  the  maximum  response  and  the  extra  inhibi¬ 
tion  obtained  by  the  combination  would  seem  to  indicate 
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inhibition  at  a  second  intracellular  site. 


The  relatively  broad  specificity  of  leupeptin  allows  for 
several  potential  sites  of  action,  of  which  the  most  commonly 
proposed  is  the  lysosomal  proteinase  cathepsin  B  (Huisman  et  al., 
1974b),  known  to  be  present  in  muscle  (Bird,  1975).  Several 
studies  have  examined  the  effects  of  leupeptin  on  the  activity 
of  this  enzyme  in  a  variety  of  in  vitro  cellular  systems.  Most 
of  these  studies  demonstrated  a  decrease  in  cathepsin  B  activity 
coincident  with  a  reduction  in  degradation  upon  treatment  with 
leupeptin  (Libby  and  Goldberg,  1978;  Kameyama  and  Etlinger,  1979; 
Dean,  1979;  Goldberg,  et  al . ,  1979).  This  led  to  the  suggestion 
that  cathepsin  B,  and  presumably  lysosomes,  were  components  of 
the  proteolytic  systems  in  these  tissues  which  may  also  be  the 
case  in  the  present  study.  However,  as  mentioned  previously 
Libby  et  al . ,  (1979)  observed  an  increase  in  the  activity  of 
cathepsin  B  in  leupeptin  treated  fetal  heart  cultures.  The 
increase  was  concomitant  with  an  inhibition  of  protein  degrada¬ 
tion,  which  would  seem  to  suggest  that  cathepsin  B  (and  lysosomes), 
is  not  involed  in  the  leupeptin  inhibited  degradation  in  the 
fetal  heart  cultures.  Another  possible  site  of  action  of 
leupeptin  in  muscle  is  the  Ca^-activated  neutral  proteinase, 
which  has  been  proposed  as  a  candidate  for  a  primary  role  in 
myofibrillar  degradation  (Dayton  et  al.,  1975;  Libby,  1977). 

No  conclusions  about  the  involvement  of  this  particular  enzyme 
in  protein  degradation  in  the  cultures  can  be  drawn  from  the 
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present  study  but  it  is  of  interest  to  note  that  Stracher  et  al . , 
(1979)  reported  an  inhibition  of  the  total  neutral  proteinase 
activity  (assayed  in  the  absence  of  Ca"*"’*’)  of  chick  muscle  cultures 
treated  with  leupeptin.  For  the  present,  all  that  can  be  con¬ 
cluded  from  the  work  presented  is  that  chick  muscle  cultures 
possess  a  leupeptin  sensitive  system  which  is  involved  in  protein 
degradation.  An  important  objective  of  future  studies  will  be 
to  define  precisely  the  sites  of  action  of  leupeptin. - 

In  evaluating  possible  sites  of  action  for  pepstatin  two 
points  are  worthy  of  consideration.  First,  it  is  a  highly 
specific  inhibitor  of  carboxyl  proteinases  including  cathepsins 
D  and  E,  and  it  does  not  appear  to  exhibit  activity  against  any 
other  class  of  proteinases.  Secondly,  as  shown  by  Knight  and 
Barrett  (1976)  and  Barrett  (1974)  pepstatin  has  no  effect  at  pHs 
near  neutral,  requiring  instead  a  fairly  acid  milieu.  In  view 
of  these  properties,  by  far  the  most  likely  site  that  can  be 
proposed  is  the  lysosomal  acid  proteinase,  cathepsin  D  (Bird, 

1975;  Pennington,  1977).  This  enzyme  appears  to  be  the  only 
known  carboxyl  proteinase  in  muscle,  but  the  possibility  that 
other,  at  present  unknown  proteinases  of  this  class  exist  in 
muscle  and  could  be  targets  for  pepstatin,  cannot  be  ruled  out. 

Of  particular  interest  in  this  context  is  the  study  by  Stracher 
et  al.,  (1979),  which  showed  that  85%  of  the  extractable  acid 
proteinase  activity  of  chick  muscle  cultures  could  be  inhibited 
by  pepstatin.  However,  as  pointed  out  by  Parsons  et  al .,  (1978), 
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who  investigated  lysosomal  enzyme  activities  in  rat  muscle  cul¬ 
tures,  even  small  amounts  of  fibroblast  contamination  could 
account  for  considerable  proportions  of  the  total  acid  proteinase 
activity  in  the  cultures  since  these  cells  are  a  much  richer 
source  of  the  activity,  than  muscle.  Consequently,  it  is  not 
clear  whether  the  inhibited  acid  proteinase  activity  observed 
by  Stracher  et  al (1979)  was  truly  of  muscle  origin.  Nonethe¬ 
less,  until  reasonable  alternatives  to  cathepsin  D  can  be  demon¬ 
strated  the  most  plausible  explanation  of  the  present  results  is 
that  cathepsin  D,  and  by  association  the  lysosomal  system,  is 
involved  in  the  observed  protein  degradation  in  chick  muscle 
cultures.  The  inhibition  of  degradation  by  leupeptin  and  pep- 
statin  could  conceivably  have  led  to  a  greater  accumulation  of 
protein  in  the  treated  cultures  than  that  found  in  controls. 
However,  failure  to  detect  any  such  differences  raised  the 
possibility  that  inhibition  of  degradation  may  have  resulted  in 
a  suppression  of  protein  synthesis  perhaps  through  some  kind  of 
feedback  control  mechanism  (Waterlow  et  al . ,  1978).  To  test  this 
possibility,  the  degree  of  incorporation  of  S-methionine  into 
the  total  cell  protein  in  treatments  and  controls  was  measured 
and  the  values  obtained  were  used  as  a  comparative  index  of 
protein  synthesis.  The  results  indicated  no  significant 
differences  in  incorporation  in  leupeptin,  pepstatin  and  leupep¬ 
tin  plus  pepstatin  treated  cultures,  suggesting  that  the  inhibi- 
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tors  had  no  significant  effects  on  protein  synthesis  in  the  cul¬ 
tures.  However,  if  protein  synthesis  in  the  treated  cultures 
paralleled  protein  degradation,  then  we  might  predict  on  the 
basis  of  the  observed  decline  in  inhibition  during  the  24-72 
hour  interval  a  corresponding  return  of  protein  synthesis  rates 
towards  control  levels  during  the  same  interval.  Therefore,  by 
carrying  out  the  incorporation  measurements  after  36  hours  of 
exposure  to  the  inhibitors  we  may  have  chosen  an  interval  during 
which  the  discrimination  between  treatments  and  controls  was  less 
than  maximal.  In  this  context  it  is  interesting  to  note  that 
the  initial  inhibitory  effect  on  degeneration,  as  reflected  in 
the  amount  of  isotope  retained  in  the  protein  pools,  is  not  lost 
as  inhibition  declines  with  time. 

Dystrophic  cultures  were  similar  to  normal  cultures  in  that 

they  also  exhibited  a  complex  non-linnear  pattern  of  decay  with 

respect  to  loss  of  radioactivity.  However,  they  differed  in  a 
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number  of  other  respects.  The  reduced  level  of  S-methionine 
incorportion  by  dystrophic  cultures,  indicative  of  lower  synthet¬ 
ic  rates,  is  accounted  for  by  the  lower  levels  of  protein  in 
these  cultures  at  the  beginning  of  the  experiment.  Thus,  the 
specific  activities  of  the  protein  fractions  from  normal  and 
dystrophic  cultures  were  36.4  x  1(P  cpm/mg  and  37.5  x  lCp  cpm/mg 
respectively,  indicating  very  similar  specific  rates  of  intra¬ 
cellular  protein  synthesis.  However,  in  order  to  be  certain  that 
these  values  actually  reflect  similar  rates  of  synthesis,  it 
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would  be  necessary  to  correct  for  the  specific  activities  of  the 
respective  intracellular  precursor  pools.  As  judged  by  the 
slopes  (A  cpm/hour)  of  the  decay  curves  during  the  0-24  hour 
interval  the  rates  of  degradation  in  the  dystrophic  cultures 
were  lower  than  in  normal  controls.  In  addition,  the  levels 
of  extractable  protein  in  the  dystrophic  cultures  at  0  and  24 
hours  were  lower  than  in  the  corresponding  normal  controls.  If, 
as  suggested  above,  above,  the  rates  of  synthesis  in  normal  and 
dystrophic  cultures  are  similar,  then  the  rate  of  accumulation 
should  have  been  greater  in  dystrophic  controls  since  rates  of 
degradation  in  these  cultures  were  lower  than  in  normal  controls. 
The  actual  values  calculated  from  the  data  in  Tables  6  and  7  are 
2.67  x  10““  mg  protein/hour  and  3.79  x  10  z  mg  protein/hour  for 
normal  and  dystrophic  controls  respectively  during  the  first  24 
h  of  the  experimental  period.  One  possible  explanation  for  the 
difference  in  protein  content  could  be  that  the  viability  of 
the  original  dystrophic  cell  suspension,  was  lower  resulting  in 
fewer  cells  attaching  and  subsequently  developing.  It  might, 
therefore  be  of  value  to  investigate  the  viability  and  plating 
efficiency  of  the  dystrophic  tissue. 

The  response  of  the  dystrophic  cultures  to  treatment  with 
the  inhibitors  was  similar  to  that  obtained  with  normal  cultures 
except  that  the  degree  of  inhibition  at  72  hours  post  labelling 
was  less  than  in  normal  cultures  and  there  was  only  a  slight 
increase  (at  24  hours)  when  the  inhibitors  were  used  in 
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combination.  These  lower  levels  of  inhibition  could  perhaps  be 
explained  in  terms  of  a  more  rapid  activation  of  the  postulated 
resistance  mechanisms  already  discussed.  Thus  it  is  conceivable 
that  leupeptin  and  pepstatin  induced  levels  of  inhibition  equal 
to  or  even  greater  that  that  produced  in  normal  cultures,  but 
that  the  dystrophic  cells  responded  more  rapidly  to  re-establish 
the  control  rates  of  degradation.  The  more  rapidly  this  occurs 
the  smaller  will  be  the  difference  in  isotope  content  of  the 
control  and  treatment  protein  fraction  and  the  smaller  the 
apparent  degree  of  inhibition.  The  observation  that  the  differ¬ 
ence  between  the  slopes  of  control  and  treatment  curves  obtained 
from  dystrophic  cultures  (Table  17)  was  less  that  that  observed 
for  normal  cultures  would  be  consistent  with  a  more  rapid  acti¬ 
vation  of  the  postulated  resistance  mechanism.  In  this  context 
it  is  interesting  to  speculate  that  the  cytotoxic  effect  pro¬ 
duced  by  the  combined  use  of  the  inhibitors  in  dystrophic  cul¬ 
tures  may  have  resulted  from  the  more  rapid,  possibly  excessive 
activation  of  the  apparently  more  sensitive  compensatory  re¬ 
sponse.  However  this  is  purely  conjecture  and  a  more  definitive 
study  will  be  required  to  establish  the  mechanism  of  the  ob¬ 
served  cytotoxicity. 

In  summary  then,  the  results  of  these  studies  on  cell 
protein  have  shown  that,  leupeptin  and  pepstatin,  probably 
through  action  on  two  different  sites,  were  capable  of  inducing 
inhibition  of  protein  degradation  in  both  normal  and  dystrophic 
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TABLE  17 


RATE  OF  DIVERGENCE  OF  CONTROL  AND  TREATMENT  DECAY  CURVES  AS 
ESTIMATED  FROM  SLOPES  (ACPM/hour  DYSTROPHIC) 


0-24  hrs 

24-72  hrs 

Leupeptin 

201 

5 

Pepstatin 

175 

0 

P  &  L 

272 

-7 

Values  shown  are  the  differences  between  control  and 


treatment  values  for  slope  (ACPM/hour)  given  in  Table  5. 


cultures,  and  that  the  effect  diminished  with  time  in  the 
sustained  presence  of  inhibitor.  However,  the  presence  of  a 
small  amount  of  contaminating  non-muscle  tissue  in  the  cultures 
raised  questions  regarding  the  extent  to  which  the  observed 
effects  were  a  true  reflection  of  the  behavior  of  the  muscle 
and  to  what  extent  they  reflected  the  presence  of  the  contamin¬ 
ants.  Therefore  in  order  to  examine  more  specifically  the 
effects  on  the  muscle,  and  to  determine  whether  the  major  pro¬ 
tein  fraction  of  muscle,  the  myofibril,  was  involved  in  the 
observed  responses,  I  undertook  a  study  of  myofibrillar  degrada¬ 
tion  in  the  cultures.  Degradation  in  these  studies  was  estimat¬ 
ed  from  the  decay  in  specific  activity  of  the  labelled  myo¬ 
fibrillar  proteins  under  steady  state  conditions.  The  existence 
of  a  steady  state  was  implied  from  the  fact  that  the  level  of 
the  extractable  cell  protein  was  constant  and  that  the  myo¬ 
fibrillar  composition  as  judged  by  gel  electrophoresis  was  also 
constant  during  the  experimental  interval.  As  a  consequence  of 
choosing  this  interval,  (7th  to  10th  day  in  culture),  the  myo¬ 
fibrillar  studies  were  carried  out  on  cultures  which  were  several 
days  older  than  those  used  in  total  protein  analysis. 

Two  measurements  were  required  for  the  determination  of 
specific  activities.  Radioisotope  counting  was  carried  out  after 
extraction  and  solubilization  of  isotope  into  the  cocktail. 
Several  procedures  for  extraction  and  solubilization  were  tested 
and  it  was  found  that  the  use  of  peroxide  treatments  to  digest 


the  gel  slices  containing  the  proteins,  resulted  in  extremely 
high  and  stable  backgrounds  apparently  due  to  chemiluminescence. 

I  therefore,  used  the  tissue  solubilizer  method  of  Paterson  and 
Strohman  (1972)  which  was  free  from  problems  of  chemiluminescence 
and  gave  backgrounds  of  50-100  cpm.  Solubilization  was  carried 
out  overnight  to  ensure  maximum  extraction  of  counts  although  it 
was  found  that  this  could  be  achieved  fairly  readily  in  two  to 
three  hours.  A  factor  which  may  have  assisted  in  the  efficiency 
of  extraction  was  the  low  cross-linking  (100:1)  of  the  acryla¬ 
mide  gels  (Porzio  and  Pearson,  1977)  .  This  results  in  gels  of 
higher  porosity  which  would  be  amenable  to  good  penetration  of 
the  tissue  solubilizer.  The  second  measurement  necessary  for 
specific  activity  determination,  was  an  estimate  of  the  protein 
content  of  each  band  to  be  analyzed.  This  was  obtained  from  the 
areas  under  individual  peaks  of  densitometric  scans  of  the  stain¬ 
ed  gels.  The  linearity  of  this  densitometric  response  was  not 
determined  and  it  is,  therefore,  possible  that  this  could  give 
rise  to  errors  in  these  estimates.  However,  examination  of  gels 
from  different  samples  indicated  that  the  overall  loading  and 
relative  distribution  of  bands  was  fairly  constant  between 
samples  suggesting  that  we  were  working  in  a  fairly  narrow  range 
of  protein  concentrations  for  each  band.  In  addition  as  already 
noted,  the  cultures  were  shown  to  be  in  a  steady  state  with 
respect  to  total  protein  content  during  the  experimental  interval 
and  since  the  myofibril  isolation  procedure  was  standardized  the 


yield  of  myofibrils  was  probably  fairly  consistent.  Thus,  it  is 
unlikely  that  any  large  errors  in  protein  determination  resulted 
from  the  analysis  of  the  densitometric  scans. 

In  contrast  to  the  results  obtained  in  the  analysis  of  the 
total  cell  protein,  the  decay  curves  from  normal  controls  were 
found  to  be  linear  when  plotted  semilogarithmically ,  suggesting 
first  order  decay  kinetics.  This  difference  can  most  probably 
be  explained  in  terms  of  the  fact  that  the  system  was  in  a 
steady  state  and  that  single,  pure  proteins  as  opposed  to  a 
complex  mixture  were  being  analyzed.  The  first  order  kinetics 
are  inconsistent  with  the  suggestion  that  the  myofibril  as  a 
whole  exhibits  a  definite  life-span  and  turns  over  as  a  unit 
(Dreyfus  et  al.,  1960).  If  such  were  the  case,  then  we  would 
have  expected  to  see  retention  of  a  constant  level,  of  label 
followed  by  a  rapid  drop  after  an  interval  equivalent  to  the 
life-span  of  the  organelle,  instead  of  the  exponential  decline 
observed.  On  the  other  hand,  the  results  are  compatible  with 
the  proposal  that  the  individual  components  of  the  myofibril 
turn  over  independently  (Low  and  Goldberg,  1973;  Zak  et  al., 
1977).  However,  the  similarity  in  turnover  rates  of  MHC,  305K 
and  140K  could  be  interpreted  as  meaning  that  these  proteins, 
perhaps  through  location  in  a  particular  component  of  the  myo¬ 
fibril,  are  themselves  turned  over  as  a  unit.  However,  as 
pointed  out  previously,  it  is  possible  that  the  140K  component 
is  a  fragment  of  the  MHC,  in  which  case  only  two  out  of  three 
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distinct  molecular  species  examined  exhibit  similar  half-lives. 

It  would,  therefore,  be  rather  premature  to  conclude  on  this  basis 
that  turnover  occurs  as  a  unit.  On  the  contrary,  the  fact  that 
half-lives  of  actin  (t^  =  50.3  hrs)  and  MHC  (t^  =  38.4  hrs) ,  quan¬ 
titatively  the  two  most  important  proteins  of  the  myofibril,  are 
quite  different,  would  suggest  that  the  major  proteins  of  the 
myofibril  turn  over  independently  in  the  cultured  muscle.  It  is 
also  interesting  to  note  that  actin  with  a  molecular  weight  of 
48,000  daltons  exhibits  a  longer  half-life  than  the  high  molecular 
weight  components,  in  keeping  with  the  general  observation  that 
high  molecular  weight  proteins  turn  over  more  rapidly  than  low 
molecular  weight  proteins  (Schimke,  1975;  Schimke  and  Bradley, 
1976;  Goldberg  and  St.  John,  1976).  Thus,  the  data  obtained  here 
is  consistent  with  a  model  in  which  the  components  of  the  con¬ 
tractile  apparatus  are  synthesized  and  degraded  independently. 

With  respect  to  the  half-lives,  the  values  obtained  are 
somewhat  shorter  than  those  reported  for  muscle  proteins  in  non¬ 
culture  (Zak  et  al.,  1977;  Martin  et  al.,  1977;  Wikman-Cof f elt 
et  al.,  1973;  Low  and  Goldberg,  1973)  and  culture  systems 
(LaGrange  and  Low,  1976;  Rubinstein  et  al . ,  1976;  Walker  and 
Strohman,  1978) .  The  reasons  for  these  differences  are  not  clear 
but  several  possible  explanations  can  be  proposed.  In  the  first 
instance,  the  more  rapid  turnover  rates  may  represent  a  response 
of  the  muscle  to  the  specific  in  vitro  conditons  used  in  this 


study.  Thus,  cells  maintained  in  this  essentially  adverse 


environment  may  be  required  to  turn  over  their  constituent 
proteins  more  rapidly  in  order  to  combat  the  effects  of  this 
situation.  However,  others  (LaGrange  and  Low  1976;  Rubinstein 
et  al . ,  1976;  Walker  and  Strohman,  1978)  using  similar  culture 
systems  have  reported  half-lives  of  5-6  days  for  actin  and  myosin. 
In  the  study  by  Walker  and  Strohman  (1978)  on  MHC  turnover  in 
chick  muscle  cultures,  it  was  noted  that  the  presence  of  cytosine 
arabinoside  resulted  in  an  increase  in  the  turnover  rate  of  MHC 
and  a  half-life  of  36  hours  similar  to  that  obtained  in  these 
studies,  was  reported.  Since  cytosine  arabinoside  was  also  used 
in  these  studies,  it  is  possible  that  the  shorter  half-lives 
obtained  are  a  reflection  of  the  use  of  this  agent.  The  nature 
of  the  mechanism  involved  in  this  cytosine  arabinoside  induced 
increase  in  turnover  is  unknown.  On  the  one  hand,  it  could  be 
due  to  a  direct  effect  of  the  drug  on  muscle  as  has  been  observed 
by  others  (Thomson  and  Dryden,  personal  communication).  Alterna¬ 
tively,  the  influence  on  turnover  could  be  an  indirect  effect 
resulting  from  the  elimination  of  dividing  cells  which  through 
some  unspecified  cell/cell  interaction  with  muscle  could  have 
influenced  protein  turnover.  In  either  event,  caution  must  be 
exercised  in  drawing  conclusions  about  the  relationship  of  turn¬ 
over  under  these  conditions  and  the  process  as  it  occurs  iri 
vivo.  Another  factor  which  may  have  contributed  to  the  shorter 


half-lives  was  the  use  of  high  concentrations  of  unlabelled 


methionine  in  the  post-labelling  medium  to  reduce  the  risk  of 
recycling,  which  could  give  rise  to  longer  half-lives.  Since 
both  cytosine  arabinoside  and  increased  concentrations  of  cold 
leucine  were  used  in  the  study  by  Rubinstein  et  al.,  (1976)  then 
none  of  the  above  suggestions  can  account  for  the  differences 
in  half-lives  observed.  One  possible  explanation  is  that  the 
high  ionic  strength  extraction  procedure  used  by  these  workers 
to  isolate  the  contractile  proteins  would  have  resulted  in  ex¬ 
traction  of  contractile  proteins  from  non-myof ibrillar  as  well 
as  myofibrillar  sources  (Adelstein  et  al.,  1972;  Ip  and  Fischman, 
1978).  Since  the  subsequent  analysis  of  this  fraction  on  SDS- 
PAGE  would  most  probably  have  failed  to  resolve  the  contaminants 
from  the  myofibrillar  proteins  this  would  have  influenced  the  half- 
life  values  obtained.  If  the  contaminating  protein  turned  over 
more  slowly  then  the  apparent  half-lives  of  the  myofibrillar 
fraction  would  be  shorter.  In  contrast,  the  myofibril  isolation 
procedure  used  in  the  present  study  was  not  subject  to  contam¬ 
ination  of  this  sort  and  is  in  this  respect  a  better  analysis  of 
the  myofibril  turnover.  In  addition  to  this  difference  between 
the  studies,  the  double  isotope  method  of  Arais  (1969)  was 
used  by  Rubinstein  et  al.,  (1976)  to  determine  the  half-lives  of 
the  proteins.  As  pointed  out  by  Zak  et  al .,  (1977)  it  is 
necessary  to  optimize  the  labelling  conditions  in  this  pro¬ 
cedure  to  avoid  errors  leading  to  apparently  longer  half-lives, 
and  it  is  not  clear  from  the  data  presented  whether  the 
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conditions  of  the  study  met  this  criterion.  The  same  arguments 
may  be  proposed  to  account  for  the  differences  between  this  study 
and  that  of  LaGrange  and  Low  (1976)  who  also  used  the  double 
isotope  approach. 

Myofibril  turnover  in  dystrophic  cultures  was  similar  to 
that  in  normal  cultures.  This  is  in  contrast  to  the  situation 
in  vivo  and  in  other  iii  vitro  models  of  muscles,  where  a  more 
rapid  turnover  of  the  myofibril  of  dystrophic  animals  has  been 
observed  (Goldberg  et  al . ,  1977,  Weinstock  et  al.,  1969, 

Ionasecu  et  al.,  1971  and  Rourke  1975).  In  particular,  the 
work  of  Rourke  (1975)  demonstrated  increased  rates  of  both 
synthesis  and  degradation  of  MHC  in  muscles  of  15-23  day  post 
hatched  dystrophic  chickens  compared  to  that  in  normal  controls. 

A  number  of  facts  may  account  for  the  difference  between  these 
results  and  those  obtained  in  the  present  study.  Thus,  Rourke’ s 
study  was  carried  out  in  vivo  on  the  breast  muscle  of  post  hatch¬ 
ed  birds,  while  the  present  studies  were  carried  out  in  vitro  on 
tissue  originating  from  the  leg  muscle  of  embryos.  In  addition, 
it  is  worth  observing  that  even  the  increased  rates  of  turnover 
observed  by  others  (Rourke  1975,  Goldberg  et  al . ,  1977,  Weinstock 
et  al.,  1969,  Ionasescu  et  al.,  1971)  in  dystrophic  muscles  is 
slower  than  the  rates  observed  in  both  the  normal  and  dystrophic 
cultures  in  the  present  work.  Thus,  it  can  be  suggested  that 
higher  rates  of  turnover  may  be  a  consequence  of  studying  the 


muscle  in  a  culture  situation.  Muscle  in  vivo,  whether  normal 


. 


or  diseased,  will  be  subject  to  control  through  a  variety  of 


homeostatic  mechanisms  and  under  such  conditions  diseased  and 
normal  muscle  obviously  exhibit  differences  particularly  with 
respect  to  protein  turnover.  The  removal  of  some  of  these  con¬ 
trols  by  incubation  in  vitro  could  conceivably  lead  to  changes 
in  the  overall  metabolic  profile  of  the  cell.  These  changes  may 
predominate  to  the  extent  that  differecnes  observable  ini  vivo 
are  masked  in  the  culture  environment.  In  this  context,  it  is 
interesting  to  note  that  Goldspink  (1977)  observed  a  net  positive 
nitrogen  balance,  attributed  to  increased  protein  synthesis,  in 
incubated  isolated  dystrophic  hamster  diaphragms  which  in  vivo 
had  exhibited  a  very  obvious  net  negative  nitrogen  balance  as 
judged  by  loss  of  weight  and  overall  protein  content.  The 
reason  for  this  changeover  from  negative  (ini  vivo )  to  positive 
(in  vitro)  nitrogen  balance  in  this  study  could  only  be  ascribed 
to  the  effects  of  the  conditions  ^n  vitro .  An  analagous 
situation  could  occur  in  the  muscle  cultures.  Another  factor 
which  may  account  for  my  failure  to  see  any  differences  between 
normal  and  dystrophic  myofibrillar  turnover  is  that  leg  instead 
of  breast  muscle  was  used  as  the  source.  In  adult  birds  affected 
by  the  disease,  the  breast  is  more  seriously  affected  than  the 
leg  (Monckton,  1978).  Thus,  leg  muscle  may  not  express 
dystrophy  in  culture  sufficiently  to  allow  for  distinction  be¬ 
tween  it  and  normal  muscle.  However,  as  pointed  out,  Askanas 


et  al.,  (1972)  and  Rubinstein  and  Holtzer  (1979)  were  unable  to 
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obtain  evidence  for  differentiation  with  respect  to  fibre  type 
on  aneural  cultures  of  chick  leg  and  breast  muscle,  which  may  be 
necessary  for  the  full  expression  of  the  diseased  state. 

Myofibrils  from  normal  controls  and  inhibitor  treatments 
exhibited  no  obvious  differences  with  respect  to  banding  pattern 
and  relative  distribution  of  components,  as  judged  by  electro¬ 
phoresis.  This  finding  was  somewhat  disappointing  since  it  had 
been  speculated  that  treatment  with  the  inhibitors  could  have 
resulted  in  the  accumulation  of  intermediates  in  the  myofibril 
disassembly  process  allowing  some  speculation  on  the  nature  of 
this  mechanism.  Several  factors  could  have  been  responsible 
for  the  failure  to  observe  any  difference.  First,  if  such 
intermediates  do  occur  and  it  is  by  no  means  certain  that  they 
do,  then  it  is  possible  that  they  separate  very  rapidly  from 
the  myofibril  and  would  not,  therefore,  appear  in  our  preparation. 
On  the  other  hand,  the  accumulation  of  proteolytic  fragments 
which  did  not  dissociate  from  the  myofibrils  has  been  observed 
in  studies  of  post-mortem  muscle  (Hay  et  al . ,  1973).  It  is 
also  possible  that  the  specificity  of  the  inhibitors  was  not 
conducive  to  the  production  of  the  type  of  inhibition  required 
for  the  accumulation  of  such  intermediates.  The  fact  that 
leupeptin  is  an  inhibitor  of  the  Ca  activated  neutral  protease 
(Libby,  1977)  which  has  been  proposed  as  a  probable  initiator 
in  myofibril  disassembly  (Dayton  et  al . ,  1975)  might  suggest 
that  the  formation  of  such  intermediates  was  actually  blocked, 
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thus,  excluding  the  possibility  of  their  accumulation  and 
subsequent  detection.  In  this  context,  Etlinger  et  al.,  (1979) 
have  demonstrated  that  leupeptin,  possibly  through  its  action  on 

j  i 

the  Ca  activated  enzyme,  reduced  the  amount  of  easily  releasable 
filaments  thought  to  be  dissassembly  intermediates,  in  preparations 
of  myofibrils  from  treated  rat  skeletal  muscles.  Although  I 
cannot  rule  out  the  involvement  of  a  pepstatin  sensitive  acid 
proteinase  in  the  initiation  of  myofibril  dissembly  (Bird  et  al . , 
1978),  the  prospects  of  such  an  eventuality  seem  unlikely.  Thus, 
the  accumulation  of  the  postulated  intermediate  would  have  been 
more  probable  with  this  inhibitor.  Perhaps  then  the  plausable 
explanation  for  these  negative  results  is  that  such  intermediates 
do  not  exist.  As  pointed  out  in  the  introduction,  there  is  no 
evidence  to  suggest  that  peptide  bonds  are  involved  in  the 
intermolecular  forces  which  maintain  myofibrillar  integrity  and 
as  such  there  may  be  no  need  to  invoke  the  action  of  proteinases 
in  the  disassembly  process.  This  would  imply  that  the  inhibi¬ 
tion  of  myofibrillar  turnover  observed  in  the  presence  of  both 
inhibitors  was  the  result  of  their  action  at  a  post-disassembly 
stage . 

The  results  of  parallel  studies  on  dystrophic  cultures  were 
similar  with  the  exception  that  myofibrils  from  cultures  treated 
with  both  inhibitors  behaved  quite  differently  on  electrophoresis. 
In  this  case,  the  gels  although  exhibiting  some  resolution  of 
the  usual  banding  pattern,  were  diffusely  stained  throughout. 
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Such  staining  indicated  the  presence  of  protein  throughout  the 
gel  rather  than  resolved  into  distinct  bands.  The  most  likely 
explanation  of  this  phenomenon  is  that  proteolysis  resulting  in 
peptide  fragments  with  a  spectrum  of  molecular  weights  corres¬ 
ponding  to  the  range  covered  by  the  diffusely  stained  region  of 
the  gel  were  being  produced  and  interestingly  were  sedimenting 
with  the  myofibril  preparation.  This  extensive  proteolysis 
appeared  to  be  a  reflection  of  the  cytotoxic  state  of  these 
cells.  It  is  questionable  whether  the  proteolytic  mechanisms 
at  work  in  this  situation  are  akin  to  those  involved  in  the 
turnover  process  and,  therefore,  the  proteolytic  fragments 
responsible  for  the  diffuse  staining  are  most  probably  not  inter¬ 
mediates  of  turnover. 

All  of  the  inhibitor  treatments  tested,  resulted  in  a  de¬ 
crease  in  the  rate  of  decay  of  specific  activity  with  respect  to 
controls.  In  view  of  the  results  obtained  on  the  total  cell 
protein  analysis,  the  most  likely  explanation  for  these  results 
is  that  the  inhibitors  blocked  protein  degradation,  although  the 
possibility  that  inhibition  of  synthesis  contributed  to  this 
effect,  cannot  be  ruled  out.  Thus,  with  no  change  in  degradation 
and  a  complete  inhibition  of  synthesis  the  specific  radioactivity 
of  cell  protein,  measured  as  TCA  precipitable  material,  remains 
constant  while  the  size  of  the  particular  protein  pool  decreases. 
On  the  other  hand,  a  complete  shutdown  of  degradation  without 
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alteration  in  synthesis  would  still  lead  to  a  decay  in  the 
specific  radioactivity  of  cell  protein  but  at  a  lower  rate  than 
the  steady  state  control  since  in  this  case  there  is  no  loss  of 
isotope  from  the  pool  simultaneous  with  dilution  through  synthesis. 
As  a  consequence,  under  these  conditions  there  will  be  an  increase 
in  the  size  of  the  pool.  The  increase  in  the  amount  of  material 
on  gels  of  standard  myofibril  preparations  from  inhibitor  treated 
normal  cultures  may  be  a  reflection  of  an  increased  myofibrillar 
pool  induced  through  inhibition  of  degradation  and  leading  to 
higher  yields  of  myofibrils  for  analysis  by  electrophoresis.  The 
fact  that  no  such  increases  were  induced  by  the  inhibitors  in 
dystrophic  cultures  is  interesting.  One  possible  explanation 
for  this  difference  could  be  that  as  suggested  earlier,  the 
postulated  resistance  mechanism  is  more  rapidly  activated  in 
dystrophic  cultures,  thus,  preventing  any  significant  increases 
in  the  myofibrillar  pool  in  dystrophic  cultures. 

Compared  to  the  results  obtained  from  total  cell  protein 
analysis  the  extent  of  inhibition  for  the  myofibrillar  proteins 
is  considerably  higher.  Several  reasons  could  account  for  this 
difference.  First  of  all,  the  proteolytic  mechanisms  involved 
in  myofibril  degradation  may  be  particularly  susceptible  to 
these  inhibitors  leading  to  greater  degree  of  inhibition  than 
that  observed  for  other  proteins  in  the  tissue.  Secondly,  as 
already  pointed  out  the  effect  may  not  simply  be  due  to  inhibi- 


* 


bition  of  degradation  but  could  also  result  from  inhibi¬ 


tion  of  synthesis  either  as  the  result  of  a  direct  effect  of 
the  inhibitors,  or  through  some  other  indirect  mechanisms  e.g. 
feedback  control  linked  through  degradation.  The  results  of 
total  cell  protein  analysis  suggested  that  this  may,  in  fact, 
occur  and  if  the  extent  to  which  this  affected  myofibrillar 
protein  was  greater  than  that  for  other  cellular  protein,  then 
this  could  account  for  the  greater  inhibition  observed  with  these 
proteins.  The  relative  contributions  of  inhibition  of  synthesis 
and  degradation  cannot,  however,  be  determined  from  the  present 
results.  A  third  factor  which  may  account  for  the  rather  high 
levels  of  inhibition  is  that  the  increased  amounts  of  protein 
on  gels  from  inhibition  treatments  could  have  resulted  in  under¬ 
estimates  of  protein  concentrations  from  the  densitometric  trac¬ 
ings  of  the  response  of  the  densitometer  was  in  a  plateau  region 
at  these  concentrations.  These  underestimates  would  have  re¬ 
sulted  in  erroneously  high  specific  activities  and,  thus,  over¬ 
estimated  the  extent  of  inhibition.  However,  since  the  increased 
pool  size  leading  to  these  errors  would  be  consequent  upon  inhib¬ 
ition  then  the  errors  would  only  influence  the  degree  of  inhib¬ 
ition  observed  but  would  not  alter  the  fact  that  inhibition  had, 
in  fact,  been  induced.  In  this  context  it  is  also  worth  noting 
that  the  high  levels  of  inhibition  were  observed  in  dystrophic 
cultures  which  did  not  exhibit  any  increases  in  the  levels  of 
myofibrillar  proteins.  Thus  in  this  case  the  level  of  inhibition 


cannot  be  accounted  for  in  terms  of  errors  in  protein  quanti¬ 
tation.  Another  possiblity  is  that  the  inhibitors  increased 
the  extent  of  recycling  of  labelled  precursor.  In  the  case  of 
myofibrils  labelled  precursors  could  mean  not  only  the  ^5g_ 
methionine  used  in  the  original  labelling,  but  also  intact 
labelled  monomers  obtained  from  disassembly.  If  the  presence 
of  the  inhibitors  resulted  in  an  increased  reutilization  of 
labelled  macromolecules  or  monomers  from  disassembly  then  the 
rate  of  decline  of  specific  activity  would  be  reduced.  However, 
until  the  existence  of  such  macromolecular  pools  can  be  demon¬ 
strated  (Zak  et  al . ,  1976)  and  the  extent  to  which  recycling 
occurs  in  this  system,  then  the  possible  contribution  of  this 
phenomenon  to  the  present  results  cannot  be  determined. 

With  regard  to  possible  sites  of  action,  the  same  consider¬ 
ations  as  were  discussed  for  the  total  cell  protein  analysis, 
apply.  Thus,  for  leupeptin  the  most  likely  targets  are  cathepsin 
B  and  the  Ca++  activated  neutral  proteinase  while  for  pepstatin 
cathepsin  D  is  the  most  probably  susceptible  enzyme.  This  being 
the  case,  the  results  are  consistent  with  a  lysosomal  involvement 
in  the  turnover  of  myofibrillar  proteins  in  the  cultures  as  has 
been  suggested  by  Bird  et  al.,  (1978)  for  muscle  in_  vivo ,  but 
whether  this  involvement  is  at  the  level  of  myofibrillar  dis¬ 
assembly  or  at  some  other  stage  cannot  be  determined  from  the 


present  data.  However,  in  view  of  the  relatively  non-specific 


' 


nature  of  the  lysosomal  system  (Bird,  1975)  it  seems  that  these 
enzymes  are  more  suited  to  the  terminal  stages  of  the  degradative 
process  i.e.  hydrolysis  of  peptides  leading  to  amino  acid  re¬ 
lease  (Huisman  et  al . ,  1974b). 

The  diminishing  effectiveness  of  the  inhibitors  during  the 
experimental  interval  which  was  also  noted  in  the  total  cell 
protein  studies  suggests  that  similar  mechanisms  may  have  been 
involved  here.  Other  parallels  between  the  two  sets  of  investi¬ 
gation  were  noted.  Thus,  myofibrillar  proteins  from  dystrophic 
myofibrils  appeared  to  be  less  affected  by  the  inhibitor  at  72 
hours  and  the  degree  to  which  control  levels  had  been  restored 
in  the  24-72  hour  interval  was  greater  than  for  normal  myofibrils. 
As  discussed,  the  relevance  of  these  differences  to  dystrophy  is 
not  known  but  it  seems  possible  that  it  could  be  a  reflection  of 
a  pathological  process  which  is  retained  and  detectable  in  the 


culture  situation. 
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